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ABSTRACT

PLASMON ENHANCED PHOTOCONDUCTION IN PORPHYRIN-GOLD
NANOPARTICLE ASSEMBLIES

David J. Conklin
Dr. Dawn A. Bonnell

This thesis describes a series of experiments to both determine the origins of charge
transport and enhanced photoconduction in metal nanoparticle arrays linked with zincporphyrin complexes, but to also determine the nucleation and growth mechanisms
related to Ferroelectric Nanolithography (FNL) as a platform for hybrid devices. The
development of test structures on glass substrates was undertaken to not only allow the
study of the mechanisms controlling charge transport but the photoconduction of zincporphyrin linked gold nanoparticle (AuNP) arrays. In this study, the dominate charge
transport mechanism was determined to be thermally assisted tunneling and the origins of
enhanced photoconduction in these systems was attributed to three mechanisms: direct
exciton formation in the molecules, hot electrons and a field effect (optical antenna) due
to the excitation of surface plasmons. In the hope of developing a platform for hybrid
devices, FNL was utilized to systematically vary the parameters that effect the deposition
of metal nanoparticles through domain directed deposition on ferroelectric surfaces. The
nucleation and growth mechanisms were determined through this work, where the
iv

integrated photon flux controlled the particle density and the interface between the
particle and the ferroelectric surface determined the particles size. Finally, with the
ability to control the deposition of AuNPs on a ferroelectric surface, hybrid devices of
zinc-porphyrin linked AuNPs were realized with FNL.
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Figure 4.34 – The highest occupied (HOMO) and the lowest unoccupied (LUMO)
molecular orbitals are illustrated, where the Fermi level of the nanoparticles is 0.415eV
below the middle of the HOMO-LUMO gap of the dithiol-PZn3. (a) upon application of
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a bias, hole mediated tunneling occurs. (b) illumination with blue light results in
conventional photoconductivity. (c) the incident radiation excites the surface plasmons,
and the nanoparticles are optimally coupled, a large electromagnetic field is produced
between the particles and the particles act as an optical antennae and focus the light into
the small region between the particles.

Figure 5.1 - Comparison of the topographic structure (left image) and the resulting
surface potential after ferroelectric domains have been selectively reoriented (right
image). The topographic structure consists of 100-200nm sized grains with 4.5nm RMS
roughness. The contrast in the surface potential image ranges from 166mV to -112mV
and is essentially bimodal with the width of the dark contrast lines of approximately
400nm.

Figure 5.2 - Relationship between the domain orientation direction and the surface
potential image seen in Figure 5.1.

Figure 5.3 - Compares the topographic structure (left image) and the piezo-force
microscopy (PFM) image (right image) after polarization patterning. The contrast in the
piezo-force phase image directly measures the direction of the out-of-plane vector
component.
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Figure 5.4 – (a) & (b) show gold nanoparticle deposition structures on (111) textured
Pb(Zr0.3Ti0.7)O3 substrates which were immersed in a 9mM HAuCl4 solution. (a) was
exposed for 5 minutes through a 270nm band pass filter, (b) was exposed through a
450nm short pass filter for 10 minutes.

Figure 5.5 - (a - d) show gold nanoparticle deposition structures on (111) textured
Pb(Zr0.3Ti0.7)O3 substrates. (a) & (b) were immersed in a 0.7mM HAuCl4 solution, while
(c) & (d) were immersed in a 0.7mM NH3AuCl4 solution. (a) & (c) were exposed for 30
minutes through a 270nm band pass filter, while (b) & (d) were exposed through a 270nm
band pass filter for 60 minutes.

Figure 5.6 – Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of HAuCl4 exposed through a 270nm
band pass filter on (111) textured PZT.

Figure 5.7 – Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of NH3AuCl4 exposed through a
270nm band pass filter on (111) textured PZT.

Figure 5.8 – Sizes and distributions of gold nanoparticles deposited under various
conditions. (a) & (b) are histograms of particle sizes on up and down domains form the
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30 and 60 minute deposition conditions corresponding to Figure 5.6. (c) & (d) are
histograms of particle sizes for the 30 and 60 minute deposition conditions in Figure 5.7.

Figure 5.9 - (a - d) show gold nanoparticle deposition structures on (100) textured
Pb(Zr0.3Ti0.7)O3 substrates. (a) & (b) were immersed in a 0.7mM HAuCl4 solution, while
c) and d) were immered in a 0.7mM NH3AuCl4 solution. (a) & (c) were exposed for 30
minutes through a 270nm band pass filter, while (b) & (d) were exposed through a 270nm
band pass filter for 60 minutes.

Figure 5.10 - Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of HAuCl4 exposed through a 270nm
band pass filter on (100) textured PZT.

Figure 5.11 - Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of NH3AuCl4 exposed through a
270nm band pass filter on (100) textured PZT.

Figure 5.12 - Comparison of the areal coverage on positive (up) domains for (111) and
(100) textured PZT at 30 and 60 minutes for 0.7mM solutions of HAuCl4 exposed
through a 270nm band pass filter.
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Figure 5.13 - Comparison of the areal coverage on positive (up) domains for (111) and
(100) textured PZT at 30 and 60 minutes for 0.7mM solutions of NH3AuCl4 exposed
through a 270nm band pass filter.

Figure 5.14 – (a - f) show gold nanoparticle deposition structures on (111) textured
Pb(Zr0.3Ti0.7)O3 substrates. (a), (c) & (e) were immersed in a 0.7mM HAuCl4 solution,
while (b), (d) & (f) were immersed in a 0.7mM NH3AuCl4 solution. (a), (c) & (e) were
exposed for 10, 20 and 30 minutes, respectively, by an arc lamp with no optical filter,
while (b), (d) and (f) were exposed for 10, 20 and 30 minutes, respectively, by an arc
lamp with no optical filter.

Figure 5.15– Comparison of the number density of HAuCl4 and NH3AuCl4 based
reactions on (111) textured PZT. The lines represent fitting to a simple nucleation theory.

Figure 5.16- Comparison of the areal density of HAuCl4 and NH3AuCl4 based reactions
on (111) textured PZT. The lines represent fitting to a simple nucleation theory.

Figure 5.17- Comparison of the number density of gold nanoparticles deposited from a
solution of HAuCl4 through a 270nm band pass filter on (111) and (100) textured PZT
substrates. The lines represent fitting to a simple nucleation theory.
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Figure 5.18 - The reaction process on the surface is illustrated schematically. The
substrate is polarized positively as indicated by the black arrows and results in a positive
surface charge. A compensating cloud of negative ions forms in the solution near the
surface and the AuCl4- can contribute to the compensation. Initial reduction occurs in the
absence of a barrier for electron transfer. As the nanoparticles increase in size, an
interface barrier forms and causes an electron depletion region below the particle,
indicated by the shaded region. The reaction will stop (the nanoparticle will stop
growing) once the interfacial barrier is large enough that the depletion depth is larger than
the tunneling distance.

Figure 5.19 - (a) SEM image of 52nm AuNPs deposited on a PZT surface (b) SEM
image of 25nm AuNPs deposited on a PZT surface.

Figure 5.20 - (a) & (b) show the wavelength dependent conductivities at 300K of the two
PZn3 linked AuNP hybrid assemblies seen in Figure 5.19(a) & (b), respectively. (c)
shows the current enhancements for illumination with 655nm (red) and 533nm (green)
light.

Figure 5.21 - Fowler-Nordheim plots and dln(I)/dV as a function of voltage for Sample 1
and 2. (a) & (c) are Fowler-Nordheim plots and (b) & (d) show dln(I)/dV as a function of
voltage for the data in Figure 5.20(a) & (b), respectively.

xxviii

Figure5.22 - (a) wavelength dependent conductivity response and the insert shows that
illumination with green light exhibits a larger current enhancement than illumination with
red light. (b) Fowler-Nordheim plot which shows that the dark current and illumination
with red light have a transition voltage of 2.5V and illumination with green light shows
no transition voltage. (c) & (d) show the data in (a) linearized as ln(I/T2) as a function of
1/kT to distinguish thermionic emission and logarithm of the conductance as a function
of 1/kT, respectively.

Figure 5.23 - dln(I)/dV as a function of voltage, where (a – d) represent the dln(I)/dV
plots at 78K, 158K, 238K, and 278K, respectively.
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1.

Introduction & motivation

1.1.

Introduction

Innovations during the last 50 years in micro- and nanotechnology have enabled advances
in such diverse fields as integrated circuits, solar cells, photovoltaic cells, cancer
treatment and telecommunications.[1-4] Each of these technologies has taken advantage
of material properties that can be manipulated at the nano-scale, and in many cases, has
reached the physical limits of these materials. Examples include the switch to high-k
dielectric films from traditional oxides, such as HfO from SiO2 in transistors and
memory, and the integration of nanoparticles into devices to enhance absorption and/or
conduction in photovoltaics.[5, 6] Many of these innovations have been focused on
pushing the physical limits of traditional top-down fabrication.

One avenue for the development of next generation devices is to use bottom-up methods,
such as block copolymers or self-assembled monolayers (SAM’s), to take advantage of
inherent material properties at a size scale that cannot be attained through top-down
techniques.[7-9] The integration of biological systems in device fabrication is being
explored to take advantage of the properties of molecules found in nature. Research in
molecular electronics has intensified in the past few decades, focusing on electrical
conduction in organic molecules modeled on biological systems to enable useful
devices.[10-12] Conduction mechanisms and transport properties of single molecule
junctions have been determined by characterization of molecules in various test
structures, such as break junctions or by scanning probe microscopy (SPM) studies.[1315]
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One of the outstanding challenges is to combine self-assembly of dissimilar components
with unique properties with lithographic patterning. Ferroelectric Nanolithography
(FNL) offers the potential to assemble dissimilar components but the process to date has
not demonstrated the ability to create multi-functional hybrid devices. Several
outstanding fundamental issues are the control of nanoparticle size, separation, and
density. Determination of the mechanisms controlling nucleation and growth of
nanoparticles as a function of substrate orientation, texture, and optical power is
necessary in order to develop a platform for multi-component nanostructures. Hybrid
devices with multiple components raise issues of transport and photoconduction
mechanisms that dominate the device performance. Transport in nanoparticle assemblies
and molecular electronics has been shown to be complex and ambiguous in many cases.

The goal of this research is to develop a controlled process necessary to fabricate devices
with FNL, determine the nanoparticle deposition mechanisms operating in FNL, and
determine the transport mechanisms in molecular linked nanoparticle arrays. In order to
address these issues, gold nanoparticle (AuNP) assemblies that vary particle size,
spacing, density, and molecular linkers were fabricated and the voltage, temperature, and
wavelength dependencies of the conductance were determined. From this, the dominate
transport mechanisms, barriers to transport, and the origins of enhanced photoconduction
were determined. Results from hybrid devices fabricated on two substrates were
compared to determine the effects of the substrate on transport and photoconduction
mechanisms. Hybrid devices on glass substrates were used to determine the transport
2

mechanisms that dominate the porphyrin linked AuNP assemblies. Ferroelectric
substrates were used to pattern AuNP arrays using ferroelectric nanolithography (FNL) to
develop a platform for multi-component hybrid devices. In this case, the mechanisms
controlling the nucleation and growth of NP’s as a function of the ferroelectric domain
orientation, crystallographic orientation, photon flux, optical power and electrolyte
solution were determined. Hybrid devices were demonstrated based on fabrication with
FNL.

The following chapter will summarize the current state of research and understanding of
transport through metal and functionalized metal nanoparticle arrays, as well as the
surface reactivity of ferroelectrics for photo-deposition of metal nanoparticles. Sections
2.1.2. and 2.1.3. will provide a survey of transport properties in similar systems that will
provide insight into the possible mechanisms that may be influencing transport in these
hybrid nanostructures, along with current interpretations of transport analyses. Section
2.1.4. will review the optical response of nanoparticle assemblies, followed by a
summary of the influence of NP functionalization on the electrical and optical properties
in Section 2.2. The potential of fabricating functional multi-component hybrid devices
on ferroelectric surfaces will be reviewed in Section 2.3.

Chapter 3 will review the experimental procedures for fabrication and characterization of
device structures on glass and ferroelectric substrates. The cleaning procedure, surface
functionalization and AuNP synthesis will be reviewed for deposition of AuNP arrays on
glass substrates, while patterning of ferroelectric domains inherent in FNL and the
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photoreduction of metal salts will be summarized. The various device test structures and
configurations will be reviewed, along with the conditions for linking the AuNP arrays
with zinc-porphyrin molecules. The rest of the chapter will summarize microscopy
utilized to characterize the nanostructures, along with the optical & electrical
characterization techniques used to determine the transport and photoconduction
mechanisms.

Chapter 4 will discuss the properties of hybrid AuNP nanostructures on glass substrates.
Transport mechanisms are determined by varying the AuNP size, spacing, distribution,
and surface coverage along with varying the length of the molecular linker to analyze the
voltage, temperature and wavelength dependent conductance. Comparisons of the dark
conductivity with wavelength dependent conductivity allow the determination of the
origins of the enhanced photoconduction and understanding a new phenomenon referred
to as plasmon enhanced photoconduction.

Chapter 5 will present the kinetics of the photoreduction of AuNPs on a ferroelectric
surface as a platform for hybrid multi-functional devices. Hybrid multi-component
devices were developed by controlling the size, spacing, and density of metal
nanoparticles on a ferroelectric surface employing FNL. Systematic variation of the
domain orientation, crystal orientation, photon flux, optical power and electrolyte
solution were used to determine the nucleation and growth mechanism of nanoparticles.
AuNP arrays linked with various length porphyrin molecules created hybrid multicomponent devices in which the transport mechanisms were determined by examining
4

the voltage, temperature and wavelength dependent conductivity. This fabrication of a
patterned hybrid nanostructure and demonstration of optoelectronic properties represents
the first demonstration that ferroelectric lithography can be used to produce devices.
Furthermore, this approach can now be generalized to an extensive array of device
configurations utilizing organic as well as inorganic compounds, on thin films, single
crystals, and polycrystalline substrates, producing a variety of molecule-nanoparticle
combinations with unique and novel properties. And finally, Chapter 6 summarizes the
major conclusions and outlines suggestions for extensions of this research.
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2.

Background principles: Previous research

2.1.

Transport in metal nanoparticles arrays

2.1.1. Introduction
Metals have been exploited in numerous applications due to intrinsic properties such as
high electrical and thermal conductivity, and the manipulation of noble metals has been
of specific technological importance due to unique chemical and optical properties.
Transport through nanoparticles, from highly ordered systems such as colloidal crystals
to random arrays created by drop-casting on surfaces, has been shown to be complex and
ambiguous.[16-18] Electronic systems such as granular metallic films and colloidal
metal particle arrays can be model systems when trying to understand the transport
mechanisms. The effects of disorder and quantum confinement contribute to the
electronic properties, and can be quantified by fitting with tunneling conductance,
charging energies, mean level spacing between particles and charge lifetimes.[19]

2.1.2. Transport mechanisms
In general, charge transport in metal nanoparticle arrays falls within three regimes:
insulating in which there is weak coupling between electronic states, metallic in which
classical theory of conduction dominates, and finally a transition regime in which the
coupling is low due to large intraparticle separations. Granular metals and colloidal
metal nanoparticle arrays can be used as model systems, in which conduction is a
function of the intrinsic properties of the nanoparticles and the intraparticle coupling,
which is a function of spacing between particles. The size and material of individual
6

nanoparticles affects the transport within the particles and can be affected by charging
and quantum confinement.[19] Within the array, the particle spacing, disorder, and
charging can determine the effects on tunneling, hopping, varying wave function
overlap, percolation effects and scattering.[18]

Metallic regime
When the particles are sufficiently large that quantum considerations can be neglected
and the particles are highly coupled to each other, the films exhibit metallic behavior. At
the theoretic limit, these films can be thought of as a bulk thin film and can be modeled
by classical transport theory. According to the Drude theory of metals, the conductance
of a metal follows the form of Equation (1), where n is the density of conduction
electrons, e is the electron charge, τ is the mean free time, and m is the mass of a
electron.[20]

(1)

In disordered metals, the mean free time is related to the effects of scattering through the
film and, hence, can be affected by either elastic or inelastic scattering events. The
conductance, σ, can be re-written as Equation (2), where σo represents elastic and σ(T) is
the inelastic scattering.[18] Elastic scattering arises from impurities and defects and is
independent of temperature, while inelastic scattering arises from electron-electron or
electron-phonon interactions and has a logarithmic dependence on temperature.

(2)
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At low temperatures the transport is dominated by elastic scattering since it is
temperature independent, while inelastic scattering dominates the transport mechanism at
high temperatures. The low temperature regime exhibits complex temperature
dependence beyond the effects of inelastic scattering events. Investigations of granular
metallic films have shown that structural dependent corrections, such as grain size and
dimensionality, must be considered when modeling the transport at low temperatures.[19]
Assuming that inelastic scattering increase with temperature, the metallic conductivity as
a function of 1/kBT decreases and the resistivity increases linearly with temperature.[18]
These examples of conduction mechanisms and temperature corrections demonstrate the
complexity in modeling real systems with competing charge transport processes.

Insulating regime
In the insulating regime, in which the volume fraction of grains is small and hence
weakly coupled, transport is more affected by disorder and other irregularities present in
the system in contrast to the metallic regime. An important charge transport mechanism
is tunneling, where tunneling enables charge to flow between weakly coupled sites.
Tunneling is an elastic process (temperature independent) where the charge transport is a
function of particle separation. Charge transport is mediated in weakly coupled metallic
granular films by hopping from grain to grain. Weakly coupled periodic granular array
can be modeled as a Mott insulator at low temperatures.[19] In this model, due to the
energy associated with an electron leaving and entering adjacent grains, the transport is
blocked at low temperatures by a Coulomb gap, ΔM. At very small tunneling
conductance, the gap is simply the Coulomb charging energy of the grain, ΔM=Ec.[19]
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This gap leads to an activation dependence (Arrhenius) of the conductivity as a function
of temperature as seen in Equation (5), where the Mott gap is a function of the tunneling
conductance between adjacent grains or particles.[19] The finite-temperature
conductivity is due to electrons and holes present in the system, and results in the
exponential dependence of the conductivity seen in Equation (5).

(5)

(6)

However, experimentally observed conductance deviates from this activation behavior at
low temperatures and follows Equation (6), which resembles the Efros-Shkolovskii law
derived for doped semiconductors as seen in Figure 2.1. [19] This phenomenon of nonArrhenius behavior is observed in both granular and metal nanoparticle thin films and
implies that disorder plays a crucial role in low-temperature conductivity in the insulating
regime. This electrostatic disorder is unrelated to the grain size variation but is
influenced by the charged defects in the insulating medium.
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Figure 2.1 – The inverse square root temperature dependence (T-1/2) of the conductance
(g0) for periodic granular multilayers and thick films. The insert shows the high
temperature range where the conductance (g0)is re-plotted as a function of the inverse
temperature (T-1), indicating Arrhenius behavior.[19]

Hopping conductivity
Hopping involves a finite probability for tunneling to spatially remote states close to the
Fermi level. Therefore, a hopping theory should consider the origin of a finite density of
states near the Fermi level and a quantitative understanding of the mechanism of
tunneling over long distances through a dense array of metallic grains or nanoparticles.
Equations (5) and (6) usually imply a hopping mechanism, in which the model assumes
that the charge carriers are localized but hop to adjacent sites via thermal energy.[19]
Hopping is a complex transport mechanism that is a combination of tunneling
probabilities between the nearest neighbor and the lowest energy state available.
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Hopping to the closest available site is not always the most energetically favorable
process since there is a greater probability that there is a lower energy site further away.
This competes with the fact that there is a smaller probability of tunneling to the further
site. The optimization of these two probabilities controls the transport characteristics.

The electrical properties of one, two, and three-dimensional (1D, 2D, and 3D) assemblies
of metal nanoparticles functionalized with organic ligands have been extensively studied
by dc and ac measurements.[21, 22] As in the previous section, a common feature at
several tens of Kelvins below room temperature is the observation of an activated
process, modeled by an Arrhenius-like relationship. The activation energy becomes
temperature-dependent at lower temperature and, therefore, the conductivity follows a
variable-range hopping model proposed by Mott seen in Equation (7).

(7)

In this model T0 is associated with the interparticle hopping energy and γ=1/(X+1), where
X is related to the dimensionality of the assembly. For 3D nanoparticle assemblies, a
γ=1/4 might be expected but γ=1/2 is predominantly observed experimentally. The
temperature range in which the transition from nearest-neighbor hopping to variablerange hopping appears, depends on the particle size and on the degree of disorder,
reflecting the distribution in site energies of the individual nanoparticles in the
assemble.[21] Studies have also shown intermediate values for the temperature
dependence, in which neither γ=1 or γ=1/2 provides an adequate description of the
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conductance. Values of γ between 0.67 and 0.84 have been found in gold nanoparticle
arrays functionalized with alkanedithiol linkers.[23, 24] Furthermore, it has been
observed that the temperature dependence varies with the size of the nanoparticles, but
little variation with the linker length is found.[23]

These somewhat idealized model systems demonstrate that the transport mechanisms in
these systems are complex and careful analysis is required to understand the competing
mechanisms contributing to the overall conductance. The transition between highly
coupled, metallic films and weakly coupled insulating films, generally referred to as the
metal-insulator transition (MIT) regime, is where competing charge transport
mechanisms can occur with interesting electrical characteristics that are not fully
understood. Within this regime, the competing processes translate into, not only
temperature dependences, but applied electric field and disorder parameter dependences.
An example of this is the percolation effects on generally disordered metal nanoparticle
assemblies. NP assemblies must cross a percolation threshold to exhibit overall metallic
conduction. Although at or above the transition, the NP assemblies may be dominated by
nonmetallic conduction mechanisms, as the number of pathways increases, the
nonmetallic pathways become less dominate. Dhirani and others have studied the
transport and optical properties of random arrays of gold nanoparticle films.[18, 24-30]
Figure 2.2 shows temperature dependent conductivity as a function of the number of
AuNP layers on a glass substrate.[28] The figure shows a transition in the transport
mechanism from a thermally activated regime to metallic behavior as a function of the
number of AuNP layers, which is consistent with percolation-driven MIT..
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Figure 2.2 – The temperature dependence of the normalized conductivity for 1,4butanedithiolate-linked AuNP multilayer films with 3-9 layers. The dashed lines are fits
to an effective-medium approximation model.[18]

Figure 2.2 shows that the percolation threshold in this system is not reached until after
the addition of the 6th AuNP layer. This system was modeled using an effective medium
approximation, where the solution of Equation (8) provides the effective conductance of
the system, where geff is the effective conductance, gα is the conductance of each
individual particle, and

is a probability distribution, described in Equation

(9).[28]
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(8)

(9)

Equation (9) represents the probability, p, that the bonding between the particles is;
metallic, gm, tunneling, gt, or insulating, gi. This is an analogous model to Kirchoff’s
Law for ordered networks of random valued conductances and demonstrates the
competing charge transport mechanisms and percolation phenomena. As the discussion
above demonstrates, these systems exhibit multiple transport mechanisms that require
careful analysis, but these studies also show the potential of these systems to have tunable
properties with novel transport properties.

2.1.3. Analysis of charge transport
The dominant charge transport mechanism in metal nanoparticle assemblies is complex
and ambiguous in most cases. Analysis of charge transport has been investigated in other
systems, such as wide-bandgap semiconductors and nearly insulating materials. These
studies provide a template for charge transport analysis in materials that exhibit low
conductivities and high disorder. Difficulties in interpretation arise from the large
number of unknown parameters required to model the transport data. The effective
contact area, dielectric structure between the particles, and electron mobility are all
variables that need to be approximated but many of them are unknown. Here we will
consider direct tunneling, along with field and thermionic emission models to understand
the functional form for the charge transport. A review of the general forms of the
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transport models will be given, while comparing the voltage and temperature
dependencies that can determine the potential barrier height.

A direct tunneling model based on the physical geometry of the system can be used to
obtain a description of the barrier to transport. To first order, the conduction can be
modeled by a semi-classical approximation, where quantum effects are incorporated into
a classical framework. Applying the Wentzel-Kramers-Brillouin (WKB) approximation
to a rectangular barrier at low bias results in an analytical expression that requires an
understanding of the emission area, A, barrier width, d, and the barrier height, Φ. The
tunneling current equation can be reduced (by using Simmons approximation) to
Equation (10), where k1 and k2 are constants , X=

,and Y=

.[31]

(10)

The model assumes that the potential is spatially averaged and varies linearly with space
and applied bias. Unfortunately, applying this model requires accurate knowledge of
both the cross-sectional tunneling area and the gap separation. The number of unknown
variables needed to fit the transport data to the tunneling model makes it almost
impossible to extract meaningful barrier height in disordered media.

Another method for estimating the barrier height in the framework of a tunneling model
involves plotting the conductance in a Fowler-Nordheim plot.[32] This analysis is based
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on a transition from direct tunneling to field emission, where the rectangular potential
barrier at low applied bias becomes triangular at higher biases. The direct tunneling
regime at low biases is described by logarithmic growth of ln(I/V2) as a function of 1/V.
In Fowler-Nordheim tunneling (field emission), in which the applied bias exceeds the
barrier height, the logarithmic growth transitions to a negative linear relation of ln(I/V2)
as a function of 1/V. The advantage of this approach is that the barrier height is extracted
directly from the plot and therefore does not require approximation of the fit parameters.
Equation (11) describes Fowler-Nordheim tunneling, where I is the current, E is the
applied electric field, m* is the effective mass, q is the electron charge, and Φ is the
barrier height.

(11)

A linear fit of the data in the high bias regime of a Fowler-Nordheim plot, related to field
emission, allows the barrier height to be extracted from the slope. Equation (12) shows
the barrier height as a function of the slope of the linear fit of the data, where Φ is the
barrier height, q is the electron charge, m* is the effective mass, d is the barrier width and
b is the slope of the linear fit in the high bias regime.

(12)
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Noting that direct tunneling and Fowler-Nordheim (field emission) have nominal
temperature dependence, the possibility that electrons are thermally excited over the
barrier instead of tunneling directly through the potential barrier is examined. The
temperature dependence of a thermionic emission (Schottky) model is seen in Equation
(13), where T is the temperature, A is the tunneling emission area, A** is the effective
Richardson constant and ϕ is the barrier height.

(13)

Plotting the data as ln(I/T2) as a function of 1/T allows the barrier height to be determined
by obtaining the slope through a linear fit of the data Unfortunately, the thermionic
emission current model does not take into account other conduction mechanisms that
could be contributing simultaneously. For example, thermally-assisted tunneling could
contribute, where electrons are excited toward the top of the potential barrier which may
be thinner allowing those electrons to tunnel through more easily. As a result, the
distinction between tunneling conduction from thermionic emission is not well-defined
for small gap separations.

The following section summarizes the functional forms in the case where there is a
limited barrier to transport through the functionalized AuNPs. The electronic transport
mechanisms can be limited to temperature-independent charge transport models, such as
Fowler-Nordheim tunneling, and temperature-dependent models, such as thermionic
emission, low-field migration, Poole-Frenkel hopping, and thermally assisted tunneling.
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The functional forms of these transport mechanisms are seen in Equations (14)-(18),
respectively, where E is the applied electric field,

is the trap ionization energy, e is the

electron charge, k is the Boltzmann constant, ε is the dielectric constant, ε0 is the
permittivity of vacuum, ϕB is the barrier height, µ is the electron mobility, Aeff is the
effective transport area, h is Planck’s constant, m is the effective mass, and t & Θ are
elliptical functions.

(14)

(15)
(16)
(17)

(18)

In most analyses (Section 2.1.2.), the I-V plots are linearized to the normalized
coordinates that correspond to the respective mechanisms. But with systems with
multiple transport mechanisms in various regimes, the conventional analysis is
ambiguous regarding the dominate conduction mechanism when fitting either the biasdependent and/or temperature-dependent conductance data. This issue can be addressed
by using current-normalized differential conductance, which simplifies the transport
equations to provide a more rigorous examination of competing mechanisms.[33] The
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advantages of this analysis is that dln(I)/dV is independent, as seen in Equations (19)(23), of many of the unknown variables present in the transport equations above.

(19)

(20)

(21)

(22)

(23)

The bias and temperature-dependences of dln(I)/dV provide a robust analysis of transport
mechanisms, especially when trying to fit trends where multiple conductance
mechanisms exist and are transitions from one regime to another.

The discussion above has shown that different models are required to describe the
conduction mechanism dominating each device. While the inherent complexities of the
presence of multiple transport mechanisms in these systems presents issues in
determining the specific dominate mechanism controlling transport, it also allows the
opportunity for complex device structures and the ability to create multi-functional
platforms.
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2.1.4. Optical properties
The optical properties of noble metals have been exploited for hundreds of years. These
properties can be observed in paints with gold nanoparticles that produce a different color
in transmission and reflection or using various sized gold nanoparticles in solution to
vary the color from red to violet.[34, 35] The plasmon frequency of most metals lies in
the UV, but noble metals d-d electronic bands provide the optical transition levels that
correspond to the visible region. As the size of the nanoparticle becomes comparable to
the wavelength of the incident light, the light can interact with the particle. The surface
plasmon resonance in metal nanoparticles is the coherent excitation of the conduction
electrons which leads to an in-phase oscillation, as illustrated in Figure 2.3.[35]

Figure 2.3 – Schematic presentation of the function of surface plasmons in metallic
nanoparticles due to the interaction of electromagnetic radiation with the metal sphere. A
dipole is induced, which oscillates in phase with the electric field of the incident light.
[35]

20

Figure 2.4 – Experimentally measured surface plasmon resonances of 22, 48, and 99nm
spherical gold nanoparticles.[18]

The effect of size on the surface plasmon resonance can be seen in the absorption spectra
of Figure 2.4.[35] The plasmon resonance is not only a function of the size of the
nanoparticle, but the shape, composition, crystallinity, and structure, all of which affect
the optical properties. Mie theory has been used to describe the optical properties of
metal nanoparticles using a dipole approximation. This approximation describes the
extinction cross-section of a single metal nanoparticle, which is a function of the energy
loss in the particle due to absorption and scattering. The extinction cross-section is
described by the dielectric function of the metal and a resonance condition occurs when
Equation (24) is minimized, which occurs when

., where ε1, ε2, εm,and εm are

the dielectric constants of the real component, the imaginary component, and the
medium, respectively, and ω is frequency.[35]
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(24)

The dipole approximation of Mie theory models the absorption spectra of small
nanoparticles very well, but there are limitations. As the particle size increases, the
dipole approximation is no longer valid since the incident light cannot be assumed to
homogeneously polarize the nanoparticles and higher order modes must now be
considered.

This can be seen in Figure 2.4 where, as the particle size increases, the

absorption peak shifts to higher wavelengths and broadens due to the presence of higher
order modes at lower energies.[35] Another effect on the plasmon resonance that is clear
from inspection of Equation (24) is that the wavelength is also dependent on the
surrounding medium.

As has been shown above, the peak shape, size and position are a function of the
dielectric properties of metal and the surrounding media. Modeling these systems is
based on assumptions that the particles are in the dilute regime, hence non-interacting,
and that the medium is homogeneous. While nanoparticles in this regime can be
described by the intrinsic properties of the metal nanoparticles, as the system deviates
from these assumptions, the aggregated nanoparticles are characterized by the correlation
length of the spatial order, filling factor, and structure. Densely packed nanoparticle
assemblies affect the absorption spectrum and can be modeled by an effective-medium
theory. Ghosh et al theoretically modeled the optical spectra dependence on the size,
spacing, and aggregate size of nanoparticle assemblies.[35] Figure 2.5 shows that size
variation, while the spacing of the nanoparticles is kept constant, shifts and splits the
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absorption spectra.[35] As the particle size increases, the dipole approximation is no
longer valid and a second longitudal peak is observed. In the case that the particles are
kept the same size but the spacing is varied, as seen in Figure 2.6, when the particles
have 0nm spacing, the particles act like a single metal nanoparticle of twice the size.[35]
But as the spacing increases, the surface plasmon peaks shift until the spectrum is that of
isolated metal nanoparticles expected in the dilute regime. The optical spectra are not
only dependent on size and spacing, but the number of particles that agglomerate
together. Figure 2.7 models the absorbance as a function of the aggregate size and
shows the peak shift to lower energies as the number of aggregate nanoparticles
increases.[35]

Figure 2.5 – Electrodynamic modeling calculations for Au nanoparticles. Influence of
gold nanoparticle diameter (d) on the extinction spectra at fixed (0.5nm) interparticle
diameter.[18]
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Figure 2.6 – Electrodynamic modeling calculations for gold nanoparticles. Change of
extinction spectra for 20nm diameter particles with interparticle distance (s). The insert
is the peak shift as a function of interparticle distance.[18]

Figure 2.7 – Electrodynamic modeling calculations for gold nanoparticles. Extinction
spectra of “line aggregates” of varying number (d=40nm, s=0.5nm). The insert is the
peak shift as a function of the number of gold particles in the line aggregate.[18]
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A diverse range of collective behavior can be obtained by adjusting the spatial
arrangement of the nanoparticles as well as the intrinsic properties of the individual
nanoparticles. While Figures 2.5-2.7 model the coupling of individual particles or the
linear aggregation of nanoparticles, other studies have shown that the transition behavior
from isolated to collective modes in nanoparticle assemblies has a strong relationship on
the size and position of the individual nanoparticle within the collective.[36] The role of
individual nanoparticles has been studied through plasmonic oligomers, where precise
control of the size, spacing, and number of particles can be achieved through
nanofabrication. Hentschel et al have shown in Figure 2.8 that large spectral shifts can
be obtained through not only the configuration of the nanoparticles as seen in the left
panel, but by displacing an individual nanoparticle in the assembly, as in the center panel.
These reveal how individual nanoparticles effect on the collective response and the size
of the resulting spectral shift.[36]

Figure 2.8 – The effect of particle configuration and separation on the plasmonic
properties. Both the constitution and configuration of plasmonic oligomers have a large
influence on their resonant behavior.[36]
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Whereas the discussion has been limited to investigating near-spherical particles and a
homogenous medium, the shape and medium on which the particles interact is just as
important. Studies have shown that the substrate dielectric constant can have an effect on
the absorption spectrum.[37, 38] Figure 2.9 shows how the optical response of silver
nanoparticles is affected by the shape of the nanoparticle.[37] The surface plasmon
resonance (SPR) shifts from the protypical optical response for spherical particles
represented by the purple curve to the complex optical response from a cubic
nanoparticle represented by the black curve in Figure 2.9.

Figure 2.9 – The incident wavelength dependence of the extinction efficiencies on a
silver cube, different truncated cubes, and a spherical nanoparticle.[37]
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Figure 2.10 – Extinction efficiency of silver spherical NPs located above the substrate by
a distance d, for an external field (a) normal and (b) parallel to the substrate.[37]

Figure 2.10 shows the effect on the optical response as a function of the distance of the
nanoparticle above the substrate. As the nanoparticle is brought from 100nm above the
surface to the surface, the optical absorption broadens and red shifts for both the normal
(left panel) and parallel (right panel) applied electric field to the substrate.
As can be seen from the discussion above, the mechanisms and characterization of these
systems are complex and not completely understood. There is much to be done to
understand the mechanisms controlling charge transport and optical absorption, but there
are also great opportunities to manipulate and exploit these unique phenomena for device
applications.

2.2.

Molecular electronics

2.2.1. Introduction
Interesting and unique opportunities arise from developing a platform for the assembly of
multi-component systems with the ability to integrate organic compounds with an
enhanced and diverse property set. The ability to assemble metal nanoparticles is not
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only interesting as a template for devices, but as a possible platform for understanding the
processes that nature provides in light absorption and harvesting, and reproduce those
effects using synthetic molecules. The previous section summarized the complex
relationship between the size, array disorder, and dielectric constants which affected the
transport mechanisms and optical responses of AuNP arrays. The insertion of electrical
and optically active molecules into metal nanoparticle arrays has been shown to result in
novel and/or enhanced device properties.[39, 40] Recent studies have explored the
relationship between the molecular linker length, bonding, effective dielectric constant,
degree of conjugation, and absorption cross-section on transport properties and
photoconduction.[21, 41, 42] Conductivity studies on single molecule, self-assembled
monolayers (SAMs), and metal nanoparticle assemblies have provided a wealth of
information on the transport mechanisms through various molecular junctions and the
effects of bonding and length. The results have been obtained from scanning tunneling
microscopy (STM), scanning tunneling spectroscopy (STS) and the fabrication of various
electrode devices including break junctions and layered structures.

2.2.2. Transport through functional molecules
Understanding transport mechanisms in organic molecules is of interest due to their
potential applications in nanometer scale electronics. One of the molecular systems that
have been extensively studied is alkanethiol due to the formation of robust SAMs on gold
surfaces. The conduction properties of these materials can be chemically tuned by means
of bifunctional spacer molecules with defined lengths. Studies have shown that if the
particle size is kept constant and only the particle spacing is increased by the spacer
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molecule, that the activation energy increases linearly with increasing linker length.[21]
This relationship is valid as long as the spacer molecule is not covalently bound to the
particle and the molecular orbitals are not delocalized. If the linker molecule is
covalently bound with delocalized π-electrons, the activation energy decreases depending
on the electronic structure and length of the molecule.[21] These results reflect that the
charge transport is dependent on the particle size, spacing and the electronic structure of
the functionalizing molecule. Temperature-dependent conductivity measurements have
shown temperature-independent electron transport, implying that tunneling is the
dominant conduction mechanism through alkanethiols.[41] These systems also exhibit
an exponential dependence of tunneling current on the molecular length.[41] Although
the electrically insulting nature of σ-bonded alkanethiols make an excellent structure for
exploring the transport through nanoparticle arrays and use as a spacer molecule, there
are other classes of molecular wires that are of greater interest for device applications.

Organic π-conjugated oligomers have been studied for use as molecular-scale
interconnects for reasons of diversity and chemical tunability. Two classes of molecular
wires oligo(phenylene ethynylene) (OPE) and oligo(phenylene vinylene) (OPV) have
been of great interest. The π-conjugation along the molecular backbones of these
molecules produces enhanced electron and hole transport along the molecular length.
Transport studies to determine the relative barrier heights in the electronic junction have
shown that the barrier height is a function of the molecular length in these systems.[32]
In contrast to alkanes, the HOMO-LUMO gap of π-conjugated molecules is known to
decrease with increasing conjugation length.[43] The effective barrier height is constant
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across the alkane molecules and decreases with the extent of the electron delocalization
across the π-conjugated molecules.[32] The bond-length alternation also has been shown
to play an important role in determining the conductance of molecular wires. [39]
Charge transport across organic molecules as a function of molecular structure and the
degree of bond-length alternation needs to be considered to fully understand the
differences in charge transport across π-conjugated molecular wires. Other work has
shown that inelastic processes and heat dissipation play a role in controlling charge
transport through molecular junctions.[42]

2.2.3. Photoconduction mechanisms
In traditional photoconductors, the incident light generates mobile charge carriers, which
in turn cause an increase in conductivity. Spatial resolution at the atomic scale has been
achieved in the coupling of light to single molecules absorbed on a surface. Electron
transfer to a single molecule induced by green to near-infrared light in the junction of a
STM exhibited spatially varying probability that is confined within the molecule.[44]
The mechanism involves photo-induced resonant tunneling in which a photoexcited
electron in the STM tip is transferred to the molecule.[44]

Photoconductive gain effects observed in 2-D arrays of gold nanoparticles in which
alkane molecules are inserted are strongly enhanced at the frequency of the surface
plasmon resonance.[40] It has also been reported that the conductivity can either increase
or decrease on irradiation with visible light of wavelengths close to the particles surface
plasmon resonance. The sign of the conductivity change and the nature of the electron
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transport between the nanoparticles depends on the molecules comprising the selfassembled monolayers stabilizing the nanoparticles.[45] SAMs with electrically neutral
molecules exhibit an increase in conductivity upon illumination. On the other hand,
SAMs containing electrically charged groups exhibit a decrease in conductivity. The
observations can be understood in terms of light-induced creation of mobile charge
carriers whose transport through the charged SAM is inhibited by carrier trapping in
transient polaron-like states.[45]

2.2.4. Zinc-porphyrin complexes
Another class of molecular wires, zinc porphyrin-based systems, has been studied due to
high charge mobilities along the molecule. Porphyrin complexes are found in a variety of
natural systems from heme in red blood cells to chlorophyl in plants. These types of
complexes are found in nature and are responsible for light harvesting and energy
conversion. The general theory of chemical synthesis of porphyrin complexes is
discussed at great length in other sources and, hence, will not be discussed in depth
here.[46] A wide variety of porphyrin complexes exist but the basic structure consists of
four modified pyrrole rings connected by methane bridges. Porphyrins are aromatic,
heterocyclic macrocycles, which typically have intense absorption maximum in the
visible regime. The absorption properties can be controlled by the insertion of a metal
ion to complex to the macromolecule. Zn based porphyrins will be the specific class of
molecules that is the focus in this work. Other studies of these molecules have found that
the charge transport mechanism in these systems can be described by small polaron
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hopping.[47] The transport along the molecular wire is extremely sensitive to disorder
(within the wire and in its environment). [47]

2.2.5. Structure & absorbance
These molecules were synthesized by the Therien group to have very specific physical,
electrical and optical properties that make them interesting for possible light harvesting
applications[46, 48-53]. Figures 2.11 - 2.14 show the structure of various α-ω dithiolterminated meso-ethynebridged porphyrin supermolecules. The length of the monomer,
dimer, trimer, and tetramer are 2.15nm, 2.41nm, 4.59nm, and 5.68nm, respectively.
These molecules were chosen for the substantial polaron delocalization lengths,
impressive dark conductivities, and unusually large polarizabilities.[50] These molecules
also have thiol complexes at both ends to provide a linkage to gold.

Figure 2.11 - α-ω dithiol-terminated meso-ethynebridged (porphinato)zinc(II) oligomer
supermolecule consisting of one porphyrin ring. The monomer complex has a total
length of 2.15nm from the ends of thiol groups.[50]

Figure 2.12 - α-ω dithiol-terminated meso-ethynebridged (porphinato)zinc(II) oligomer
supermolecule consisting of two porphyrin rings. The dimer complex has a total length
of 2.41nm from the ends of thiol groups.[50]
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Figure 2.13 - α-ω dithiol-terminated meso-ethynebridged (porphinato)zinc(II) oligomer
supermolecule consisting of three porphyrin rings. The trimer complex has a total length
of 4.59nm from the ends of thiol groups. [50]

Figure 2.14 - α-ω dithiol-terminated meso-ethynebridged (porphinato)zinc(II) oligomer
supermolecule consisting of four porphyrin rings. The tetramer complex has a total
length of 5.68nm from the ends of thiol groups.[50]

These molecules were also selected because of the structures low-energy, high-oscillator
strength π-π* absorptions polarized along the length of molecular axis. This results in
large absorption cross-section in the visible range, as seen in Figure 2.15. Figure 2.15
shows the absorption spectra for the monomer, dimer, trimer, and tetramer in solution.
The unique features seen in Figure 2.15 are the absorption band edge at approximately
400nm, and the splitting of the absorption peak with addition of porphyrin rings.
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Figure 2.15 – Room-temperature electronic absorption spectra of monomer, dimer,
trimer, and tetramer α-ω dithiol-terminated meso-ethynebridged (porphinato)zinc(II)
oligomer supermolecules.[54]

It is also notable that in the IR, the addition of porphyrin rings to the chain pushed the
absorption peak at 700nm deeper into the IR. Although the excitation in the near-UV
excites electrons to a higher excited state, the lifetimes of these states are in the femto
second range, whereas the lowest excited state, to which all wavelengths relax, has an
excited state lifetime in the nanosecond range. These porphyrin complexes provide a
novel linker group to vary the optical properties of the nanoparticle assemblies in hopes
to create a hybrid structure with enhanced opto-electrical properties for device
applications.
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2.3.

Ferroelectric surfaces

2.3.1

Introduction

A technique that we have developed to assemble multi-component devices in a “bottomup” approach is referred to as Ferroelectric nanolithography (FNL). Ferroelectric
materials are the basis of technologies for the traditional passive electronics industry,
including recent high density information storage and for use as novel chemical sensors
and catalysis processes.[55-57] These properties and the ability to be integrated into
current device applications make the study of these processes of great interest.

2.3.2. Structure
Ferroelectric materials are characterized by an intrinsic electric dipole. For the case of
perovskite compounds, which have the form ABO3 seen in Figure 2.16, the electric
dipole results from the off-centering of the B site cation within an oxygen octahedral and
the displacement of the octahedron with respect to the A-site lattice.

Figure 2.16 – Crystal structure of a perovskite compound, which has the form ABO3, and
a cubic structure above the Curie temperature.
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Figure 2.17 - Crystal structure of a perovskite compound, in which an electric dipole
results from the off-centering of the B site cation within an oxygen octahedron and the
displacement of the octahedron with respect to the A-site lattice. .

Figure 2.18 - Crystal structure of a perovskite compound, in which an electric dipole
results from the off-centering of the B site cation within an oxygen octahedron and the
displacement of the octahedron with respect to the A-site lattice. .

In tetragonal compound such as the prototypical barium titanate (BaTiO3), a (100)
termination contains in-plane and out-of-plane domain orientations, in which the intrinsic
structural dipoles are aligned in parallel. When polarization vectors are pointing out of
the surfaces, as in Figure 2.17, domains are referred to as “up” or “c+”, and in the
opposite case (Figure 2.18) the domains are “down” or “c-”. In compounds with lower
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symmetry, such as lead zirconate titanate (PZT), the domain geometry is more complex,
but still has a component of the vector describing the polarization which terminates at the
surface.

Figure 2.19 – The applied bias dependence of the polarization for Pb(Zr0.7Ti0.3)O3,which
exhibits typical hysteresis behavior.

Figure 2.20 - The applied bias dependence of the polarization for Pb(Zr0.52 Ti0.48)O3,
which exhibits typical hysteresis behavior.

Due to the symmetry requirements of ferroelectric structures, they also show
piezoelectric properties. This phenomenon is that a crystal can be polarized by the
application of a mechanical stress and, conversely, an applied electric field will cause the
material to expand or contract. Application of pressure to a piezoelectric material will
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result in the flow of charge in one direction. The sign of the piezoelectric charge or
direction of strain is the same as the direction of the applied mechanical and electrical
fields, respectively. Much work has been done to understand both the ferroelectric and
piezoelectric properties of materials such as BaTiO3, SrTiO3 and PZT. PZT has been one
of the most important materials for devices since the variation in the (Zr/Ti) raito can
produce crystal structures from rhombohedral (Zr rich) to tetragonal (Ti rich) and shows
a morphological phase boundary (MPB) at 52/48 (Zr/Ti) at which the piezoelectric
coefficient is at a maximum. This has made PZT an excellent choice for applications
from memory at the Ti rich side due to large polarizations and square hysteresis curves
seen in Figure 2.19, to actuators and filters with compositions near the MPB due to the
large piezoelectric coefficients.[58-60] The magnitude of the piezoelectric effect is
related to the direction of the dipole. This effect is the bases of piezo-force microscopy
(PFM).

Besides the presence of a stable intrinsic dipole, ferroelectric compounds are also
described by the ability to switch domain orientation by application of an external electric
field that is greater than the coercive field. Hysteresis curves of the applied bias
dependence of the polarization shown in Figures 2.19 & 2.20, characterize the fields
necessary to switch the polarization. Studies have demonstrated that a variety of
techniques can be used to reorient ferroelectric domains. Scanning probe microscopy
(SPM), scanning electron microscopy (SEM), and stamping have all been shown to be
able to selectively reorient ferroelectric domains.[61, 62] All of these techniques are
based on creating an electric field across the ferroelectric that is greater than the coercive
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field, but understanding the switching mechanisms is necessary to understand the surface
properties.

2.3.3. Domains
Ferroelectric crystals form regions with uniformly oriented dipoles that are referred to as
ferroelectric domains. The domains form as a result of the large energy required to create
a crystal with a single domain. Instead, separate domains are formed so that the total
energy, including the domain wall energy and depolarizing energy of the domain is
minimized. Domains with orientation vectors pointing out of the surface are generally
referred to as (c+) domain, while vectors pointing into the crystal are called (c-) domains
and in-plane are referred to as (a) domains. The boundaries between (a)-(c) domains are
referred to as 90° boundaries while (c+)-(c-) are called 180° boundaries. The formation of
180° and 90° boundaries minimizes the depolarization fields by compensating for the
surface charge in an unpoled ferroelectric. The motion and interaction of domain walls
affects the piezoelectric properties of the structure. Extensive studies have focused on
understanding and characterizing the formation and static properties of domain structure
and motion.[63-66] The advent of various SPM techniques allowed nanometer resolution
of domain related structure and electrostatic properties to be probed.[67, 68]

The development of multiple modulation SPM techniques has allowed the systematic
study of the domain structure and the resulting surface properties of ferroelectrics. Two
of the techniques that have been the most instrumental in developing theory for domain
nucleation and growth along with surface band structure and screening mechanisms have
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been piezo-force microscopy (PFM) and scanning surface potential microscopy (SSPM).
Both techniques employ a conductive tip with an applied voltage (ac signal with a dc
offset), while PFM is a contact mode technique and SSPM is an intermittent mode
technique. The result is a map of the local surface properties, which can be a complex
function of surface reconstructions, bound charges, and band bending.

2.3.4. Ferroelectric surfaces
The intrinsic dipole in ferroelectric materials results in bound charge at the surface of the
ferroelectric. The polarization induces a surface charge that is proportional to the
polarization vector. This induced surface charge may be compensated by two possible
screening processes at the surface. The first arises from the free charge carriers and
defects in the bulk resulting in internal screening process. The second process involves
the surface adsorption of charged molecules on oppositely signed domains giving rise to
an external screening. Both of these phenomena need to be taken into consideration
when discussing the surface state of ferroelectrics, since they will affect the topography,
chemical reactivity, electronic, and optical properties.[69] The electronic surface
properties are thus determined by the orientation of the polarization, which determines
the sign of the polarization bound charge and the internal and external screening charges.
A surface with a positive domain will result in a positive bound charge which is
compensated by the absorption of negatively charge ions from the ambient, free
electrons, or negative defects in the bulk.[70] The opposite charges will be the case for a
surface with a negative domain present.
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This bound surface charge is always screened at equilibrium and in any environment that
is not high vacuum. A variety of mechanisms contribute to a screening charge that is
equal and opposite in polarity to the density of surface charges. The surface can either be
completely unscreened, partially screened, completely screened or over-screened.[67] A
completely unscreened surface is energetically unfavorable, and can only be observed
under high vacuum. Over-screened surface are usually observed during domain
switching or under illumination, but are not typically observed at equilibrium.[71]
Surfaces in ambient conditions are usually found to be either partially screened or fully
screened. The state of the screening charge on the surface is not only a function of the
polarization, but the shape and size of the space charge region is dependent on variations
in the density of states and defects. The internal and external screening processes can
modify the electronic surface structure. While the surface dipole induced by the external
screening can give rise to a variation in the surface electron affinity, the internal
screening leads to band bending at the surface.

In terms of the classic description of semiconductors, the charge at the surface that is a
consequence of the polarization causes band bending.[70, 72, 73] Without an intrinsic
dipole, the flat band condition exists as seen in Figure 2.21. At a negative domain the
bands bend up (Figure 2.22) and at the positive domains the bands are flat or bending
down (Figure 2.23).
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Figure 2.21 – Schematic illustration of the crystal structure and associated band structure
of PZT. The cubic phase perovskite structure is shown without an intrinsic dipole and the
resulting flat band condition exist at the surface, in which Ec is the conduction band, Ef
the Fermi energy, and Ev the valence band. The surface of the solid is indicted by the
perpendicular gray plane.

Figure 2.22 – Schematic illustration of the crystal structure and associated band structure
of PZT. The crystal structure on the left shows the atomic displacement in the
ferroelectric tetragonal phase in which the octahedrally coordinated Ti/Zr is off center.
The polarization induces charge at the surface causes band bending and the migration of
holes near the surface for use in photo-oxidation reactions. The orientation of the
polarization into the surface causes the bands to bend up at the surface, in which Ec is the
conduction band, Ef the Fermi energy, and Ev the valence band. The surface of the solid
is indicted by the perpendicular gray plane.
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Figure 2.23 – Schematic illustration of the crystal structure and associated band structure
of PZT. The crystal structure on the left shows the atomic displacement in the
ferroelectric tetragonal phase in which the octahedrally coordinated Ti/Zr is off center.
The polarization induces charge at the surface causes band bending and the migration of
electrons near the surface for use in photo-reduction reactions. The orientation of the
polarization into the surface causes the bands to bend down at the surface, in which Ec is
the conduction band, Ef the Fermi energy, and Ev the valence band. The surface of the
solid is indicted by the perpendicular gray plane.

Unlike traditional semiconductors, the band bending in ferroelectrics is generated by the
need to screen the spontaneous depolarization field. The internal screening gives rise to
an internal electric field which causes band bending, resulting in an accumulation layer
near the surface for up domains, and a depletion layer at down domains. Shao et al have
demonstrated the under illumination, electrons and holes separate at positively and
negatively poled domains surfaces, respectively, and are available for local reactions.[74,
75] This variation in the energy levels at the surface dramatically influences chemical
reactions for both molecular adsorption and oxidation/reduction in liquids.
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2.3.5. Surface reactivity
The surface reactivity of ferroelectrics is complex due to the various screening processes
at the surface and the interaction of the resulting near surface layers. The chemical
reactivity of the surface may be favorable to drive a reaction at the surface but as
discussed above, the development of a screening layer that is of opposite charge
compared to the charges required for the reaction implies that any chemistry must involve
local tunneling or disruption of the screening layer. A wide range of chemistries have
been studied on ferroelectric surfaces, from absorption of various gas species, to the
deposition of various metals salts.[76-78] Garra et al and Li et al have shown the
selective absorption of various gas species on poled surfaces of LiNbO3 and
demonstrated the ability to selectively reorient ferroelectric domains on BaTiO3 to
control the absorption of various gas species.[79, 80] Much like the screening processes
described in the previous section, the absorption is controlled by the internal screening
process at the surface of the ferroelectric and characteristics of the absorbing species.
The interaction of various molecules (CH3OH, CO2, H2O, NH3, CH5N, and C5H5N) on
single crystal BaTiO3 was studied by temperature programmed desorption (TPD).[80, 81]
TPD showed that the amount of absorbed methanol was greater on reduced surfaces
compared to oxidized surface, which indicts that the methanol absorbs and reacts at
oxygen vacancies. This work provides insight into the molecular adsorption sites and
greater understanding of the mechanisms that control polarization affected surface
chemical reactivity.
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Figure 2.24 - The energy band diagram of PZT and BaTiO3 compared to the reduction
potential with respect to the standard hydrogen electrode of select metal salts.

Several groups have demonstrated the ability to use photo-reduction/oxidation reaction at
the surface to deposit metal on ferroelectric surfaces.[82-86] These reactions have been
shown to be domain specific, as in the case of absorption of gas species. Lei et al has
demonstrated the ability to deposit a variety of metals from aqueous metal-salt solutions
on ferroelectric surfaces, including the photo-reduction of Ag, Au, and Pt along with the
photo-oxidation of metals such as Co, Ni, and Fe.[87] The reduction chemistry is
controlled by the band structure of the ferroelectric (which can be considered a widebandgap semiconductor), the Stern layer at the surface and the reduction potential of the
electrolyte solution. The energy band diagram of PZT and BaTiO3 compared to the
45

reduction potential with respect to the standard hydrogen electrode of select metal salts
are shown in Figure 2.24. The Stern layer is a double layer structure that is composed of
the layer of accumulated surface charges from the ferroelectric surface and the resulting
layer of oppositely charge ions from the electrolyte solution. In the case of a “c+”
domain, where the bands bend down at the surface, a layer of negatively charge ions from
the electrolyte solution are Coulombically attracted to the positively charge surface. This
means that electrons must tunnel through this layer to participate in the reduction
reaction. The opposite case of a “c-” domain, where the bands bend up at the surface, a
layer of positively charge ions from the electrolyte solution are Coulombically attracted
to the negatively charge surface. Multiple types of metal nanoparticles can be deposited
sequentially and/or simultaneously and it was shown that super-bandgap energy is
required to excite carriers from the surface to participate in the reaction with the metal
ions in solution.[88]

Roherer et al and others have studied the reaction of various metal species on various
ferroelectric surfaces and heterostructures.[84, 86, 89] The mechanism of the spatially
selective reactivity varies with the phase along with the surface orientation and film
thickness. Thin films of varying thicknesses of TiO2 were grown on BaTiO3 and the
reactivity was studied by photoreduction of Ag on the surface. It was shown that the
carriers generated in the ferroelectric pass through the TiO2 thin film and react above the
domains on which they would have been reduced on the BaTiO3 bare substrate.[73] This
indicates that the reactivity of the TiO2 thin film is insensitive to the phase and
orientation of the TiO2 and more influenced by the underlying BaTiO3. Once the TiO2 is
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thick enough to exhibit bulk properties, the deposition began to be influenced by the
phase and orientation of the TiO2 but in some cases the reactivity was enhanced on the
TiO2 with the underlying ferroelectric substrate than on an isolated TiO2 film. The
structure and therefore the site specific reactivity is still being studied and although it has
been shown that domain oriented deposition of metal nanoparticles is possible, it has not
been shown how to control the size, density, and spacing of the nanoparticle assembly for
further applications as a platform for hybrid device applications.
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3.

Experimental procedures

3.1.

Introduction

This chapter will discuss the experimental parameters and procedures to create a test
structure to determine the transport mechanisms controlling the opto-electrical response
of hybrid AuNP nanostructures. Citrate reduced AuNP’s will be deposited on a
functionalized glass substrate, with varying particle size and spacing to allow linking of
the AuNP arrays with various α-ω dithiol-terminated meso-to-meso ethynebridged
porphyrin supermolecules. The characterization and control of a ferroelectric surface
with Ferroelectric Nanolithography (FNL) allows the parameters controlling the growth
mechanisms to be determined while utilizing the metal nanoparticle arrays to understand
the transport in these hybrid nanostructures linked with the same porphyrin
supermolecules. The protocols for property characterization are described for the
structure of AuNP’s on glass and PZT substrates, and the opto-electrical response of
hybrid assemblies.

3.2.

Fabrication of nanoparticle arrays on glass substrates

3.2.1. Surface functionalization
Glass samples were cleaned in a fresh piranha (3:1 H2SO4:H2O2) solution for 30 minutes.
Samples were rinsed in deionized water then cleaned in concentrated KOH at 75oC for 1
minute followed by another rinse in deionized water and dried with nitrogen. Samples
were further cleaned in a UV-ozone cleaner for 1-2 hours, then directly placed in a dry
nitrogen glove box. Glass samples were submerged in a 5% solution of either (3Aminopropyl)triethoxysilane, 3-aminopropyl(diethoxy)methylsilane or (348

Aminopropyl)trimethoxysilane in anhydrous toluene for 1 hour – 48 hours to fully
functionalize the surface. Samples were removed from the glove box, rinsed in toluene,
dried with nitrogen, and placed in a drying oven at 30oC for 48 to 60 hours.

Figure 3.1 – Schematic illustration of the functionalization of a glass substrate with
either (3-Aminopropyl)triethoxysilane, 3-aminopropyl(diethoxy)methylsilane or (3Aminopropyl)trimethoxysilane in anhydrous toluene and the resulting deposition of
citrate reduced gold nanoparticles (AuNPs).

Immersion of the modified substrates in a citrate stabilized AuNP aqueous solution leads
to the protonation of the amino groups on the surface. The positively charged surface
electrostatically attracts the negatively charged citrate stabilized AuNP. A representation
of the general structure can be seen in Figure 3.1. The use of all three amino-silanes was
employed to determine if the specific functionalizing group affected the density of the
resulting AuNP arrays. It was found that the functional group did not appreciably affect
the final particle density, so the amino-silanes were used interchangeably in
functionalizing the surface.
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3.2.2. Synthesis of gold nanoparticles
Gold nanoparticles (AuNP) were synthesized through a standard citrate reduction method
and obtained through commercially available sources (Ted Pella). In the case of
commercially available citrate reduced AuNP, the sizes of the particles varied from 5nm
to 40nm with approximately a 10% variation in particle sizes. AuNP of 16nm, 32nm, and
46nm were produced through a standard citrate reduction, where combining hydrogen
tetrachloroaurate (HAuCl4) with sodium citrate (Na3Ct) produces AuNPs. The size of
AuNPs is controlled by the ratio of HAuCl4 and Na3Ct in the solution and was determine
that a ratio (HauCl4:Na3Ct) of 0.1, 0.5, and 1 produced 16nm, 32nm, and 46nm AuNP,
respectively.

3.2.3. Deposition on glass
The final AuNP density was controlled by immersion time of the amine-functionalized
glass substrates in the appropriate citrate stabilized AuNP solution. Deposition times
varied from 5 minutes to 96 hours. Deposition of multiple sized AuNPs was done in
consecutive (not concurrent) deposition steps. It was found that as the size of the AuNPs
increased, so did the deposition time to achieve a saturated surface. Therefore, when
depositing bimodal distributed AuNP assemblies, the larger sized AuNPs were deposited
first, then the smaller sized AuNP were deposited on the surface.
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3.3.

Fabrication of nanoparticle arrays on ferroelectric substrates

3.3.1. Thin film properties
Lead zirconate titanate (PZT) was obtained from Inostek with the following layer stack.
PZT (150nm) / platinum(150nm) / titanium(10nm) / silicon dioxide(300nm) / silicon
The sol-gel thin film was grown with two composition ratios of Zr/Ti (30/70) and
(52/48). The texture of the Pt layer was controlled to produce either the (111), or (100)
crystal orientation. Annealing was done in an excess of 10% PbO to assure that the
desired composition ratios.

3.3.2. Photo-reduction of metal salts
The PZT wafers were cleaved into approximately 5mm2 pieces and placed in an atomic
force microscope (AFM) (Veeco Dimension 3100NS-IV). The deposition of metal
nanoparticles on the PZT surface is realized using Ferroelectric Nanolithography (FNL).
The lithographic process is illustrated in Figure 3.2. The reorientation (poling) of the
ferroelectric domains was accomplished by applying a bias to a Pt/Ir coated tip (resonant
frequency 70kHz, 1.4N/m force constant) while scanning the surface in contact mode.
Figure 3.2(a) demonstrates the physical geometry, where the bottom Pt electrode is
grounded to the sample plate, while a positive or negative 10 volts is applied to the
conductive tip. The patterning was accomplished by using either a computer
programmable controlled bias for complex patterns or by manually switching the bias
while scanning for simple patterns, such as lines or squares. The computer
programmable software employed a scheme where each bit of a scan line was assigned a
positive or negative voltage. This allowed the system to scan over the surface and
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selectively reorient domains to create complex patterns. This is illustrated in the
scanning surface potential microscopy (SSPM) image in Figure3.2(c), where the left
image is the topography and the right image is the surface potential. When manually
poling the surface, the process began by first applying a positive voltage to the tip while
scanning the area of interest (back-poling). After the whole area has been switched, the
aspect ratio is changed to 10:1 or 8:1 and the surface is rescanned with a negative voltage
is applied to the tip. This method can create simple patterns on the surface such as lines
of variable width and length on the surface. Figure 3.2(b) shows an SSPM image of
simple lines and illustrates the relationship to the underlying domain orientation.

Figure 3.2 – Ferroelectric Nanolithography (a) a biased conductive SPM tip selectively
reorients ferroelectric domains. (b) the relation of domain orientation direction and
surface potential. (c) the topographic structure of lead zirconate titanate (PZT) surface
(left) is compared to the surface potential (right) after polarization patterning. (d)
incident light creates electrons and holes in the PZT that is submerged in a metal salt
solution and nanoparticles form on the positively polarized patterns. (e) patterns of metal
nanoparticles made in the configuration of capacitance and resistance based devices and
integrated into a device.
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The patterned substrates were submerged in the aqueous solution, illuminated, and
reduced metal nucleates and grows on the substrate, as shown in Figure3.2(d). Millique
water and reagents (99.9% silver nitrate, 99.999% hydrogen tetrachloroaurate and
99.999% ammonium tetrachloroaurate) were used to prepare solutions. The patterned
surfaces were submerged into metal-salt solutions varying in concentration ranged from
1µM to 10mM. Irradiation from a Newport/Oriel arc lamp with a 200WHg(Xe) bulb was
directed at the surface at room temperature. The incident power and intensity were
controlled with 250nm and 270nm optical band-pass filters, and a 450nm short-pass
filters. The deposition times were varied from 5 minutes to 3 hours. The samples are
rinsed in deionized water and dried with nitrogen. Figure 3.2(d) & (e) are examples of
domain induced production of silver and gold nanoparticles on a patterned PZT surface.
Figure 3.2(e) demonstrates how the combination of patterning and localized reactions
can yield complex geometries typical of devices.

3.4.

Device test structure

3.4.1. Deposition of metal contacts
Gold contact pads were deposited on the surface by way of a thermal evaporator
(Thermonics). Thin films between 30nm and 100nm of gold were evaporated on the
surface. The system was allowed to pump down to between 10-6 and 10-7 torr before
starting the evaporation. The thickness was measured with a quartz thickness monitor
and deposition rates were kept between 1Å/sec to 5Å/sec.
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3.4.2. Device configuration
The size and configuration of the device area was defined by employing a physical
masking technique or photolithography. The physical masking technique was
accomplished with shadow masks, which created devices with 35µm and/or 70µm gap
separation. Figure 3.3 illustrates the processing steps for depositing the gold contact
pads. Beginning with a bare thin film substrate in Figure 3.3(a), a 50 µm thick
molybdenum mask was place over the bare substrate, as shown in Figure 3.4(b).

Figure 3.3 – (a) Bare thin film substrate. (b) 50 µm thick molybdenum mask was place
over the bare substrate to define the separation between the contact pads. (c) gold was
evaporated over the whole surface. (d) the molybdenum mask was removed from the
surface to reveal contact pads separated by 35µm or 70µm.

Gold was evaporated over the whole surface (Figure 3.3(c)), then the shadow mask was
removed to reveal gold pads with a predefined gap between them, as seen in Figure
3.3(d). Each shadow mask was used independently to create gaps between the contact
pads of respective sizes or were used together to create an alignment system. In the latter
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case, gold was evaporated through a 70µm gap shadow mask to create alignment markers
then processed in the steps illustrated in Figure 3.2 to create the AuNP nanostructures.
The sample was placed back in the evaporator with a 35µm gap shadow mask and gold
contacts were deposited to connect the nanostructures for device testing.

Photolithography utilizes the same principles as the process with the shadow masks but
employs photoresist as the masking layer instead of the molybdenum sheet. Beginning
with a bare thin film substrate again (Figure 3.4(a)), the sample had photoresist
(Microposit S1813) spun onto the PZT samples at 3000RPM for 30 seconds to produce
the structure seen in Figure 3.4(b). Samples were placed in a mask aligner (Karl Suss
MA4), exposed for 12 seconds, and subsequently developed in developer (Microposit
MF-319) for 30 seconds while agitating. The resulting masking structure can be seen in
Figure 3.4(c). Samples were rinsed in deionized water and dried with nitrogen. After
evaporation of gold over the whole sample, as seen in Figure 3.4(d), the excess gold was
lifted-off by placing the samples in acetone. After the lift-off, the samples were rinsed in
IPA and deionized water, and dried with nitrogen to reveal the device structure in Figure
3.4(e). The structure in Figure 3.4(e) was also used as alignment markers, where AuNPs
were subsequently deposited using FNL, between the gold pads produced in Figure
3.4(e). The processing steps illustrated in Figure 3.4(b-d) were repeated except
employing a different photomask that was aligned to the previous photolithography step,
but produced the contact pads seen in Figure 3.4(f).
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Figure 3.4 – (a) Bare thin film substrate. (b) approximately 1µm of photoresist
(Microposit S1813) was spun at 3000RPM for 30 seconds. (c) the sample was
subsequently developed in developer (Microposit MF-319) for 30 seconds while
agitating. (d) gold was evaporated over the whole surface. (e) the excess gold was liftedoff by placing the samples in acetone to reveal the predefined contact pad configuration.
(f) using the contact pads produced in Figure3.4(e) as alignment markers, contact pads
produced with a different photomask can be aligned to make contact to the AuNP
assembly.

3.5.

Molecule functionalization

Adsorption of dithiol-PZnx onto the AuNP arrays was performed under a nitrogen
(ultrahigh purity grade) atmosphere in a glovebox (PlasLabs). The solvent
tetrahydrofuran (THF, HPLC grade, Fisher) was distilled with sodium under nitrogen and
collected into a vacuum-sealed ﬂask (Chemglass) and subjected to repeated freeze –
pump-thaw-degas cycles. For these studies, the THF solvent was subject to multiple (up
to eight) freeze-pump-thaw-degas cycles as this step was found to be critical in
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promoting successful dithiol-PZnx attachment to the AuNPs. To an acetyl-protected
dithiol-PZnx solution (1µM in THF), 4 µL/mL of NH4OH was added to unmask the
thiolate functionality. The substrates with surface-bound AuNPs were then immersed into
adsorption vials (Wheaton) containing this solution and set aside for 1-24 h. The
substrates were rinsed with THF and dried under a stream of N2.

3.6.

Characterization

3.6.1. Microscopy
Samples were inspected to verify the particle size and distribution by employing a Veeco
3100 atomic force microscopy (AFM) with an IVa controller and scanning electron
microscope (SEM). AFM images were acquired using tapping mode, which is an
intermediate contact method as not to disturb the placement of the particles on the
surface. Images were obtained using 70kHz (1.4N/m) silicon tip.

The switching behavior of the ferroelectric domains was inspected by using piezo-force
microscopy (PFM) and/or scanning surface potential microscopy (SSPM). While PFM is
a direct measure of the orientation of the dipole, SSPM is an indirect measure of dipole
direction by measuring the difference in surface potential creates by the electrical field
produced from the underlying dipole. PFM and SSPM images were obtained using a
Pt/Ir coated tip (70kHz, 1.4N/m).

PFM is the direct measure of the direction of the orientation of the ferroelectric domain.
When the tip is in contact with the surface and with the bias being applied, the local
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piezoelectric response is being detected as the first harmonic component of the tip
deflection. For c- domains (where the polarization vector is pointing into the surface), the
application of a positive tip bias results in the expansion of the material, and the surface
oscillations are in phase with the tip voltage. The opposite response occurs on c+
domains, where the material will shrink and the surface oscillations are 180o out-of-phase
with the applied bias. The phase of the first harmonic signal yields the information on
the polarization direction, and more specifically the component vector perpendicular to
the surface. To obtain the complete vector magnitude and direction, the vertical PFM
signal described above would have to be combined with the lateral signal to quantify the
total vector.

On the other hand, SSPM measures the surface potential due to the underlying domain
orientation. This imaging technique is similar to electrostatic-force microscopy (EFM),
but where EFM detection is based on the frequency shift or amplitude change, SSPM is a
nulling technique. This has many advantages over EFM with the greatest enhancement
being the decreased sensitivity to topographic artifacts. SSPM is a dual pass imaging
technique where the first scan obtains the topography information, then the second scan
retraces the topographic structure over the same line to obtain the local surface potential.
When the biased tip is over the surface, the cantilever experiences a force when the
potential at the surface is different from the tip. The surface potential can be ascertained
by varying the applied dc voltage until the first harmonic of the signal, resulting from
force exerted on the tip, is zero. The result is a map of the local surface potential which
can be a complex function of surface reconstructions, bound charges, and band bending.
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3.6.2. UV-Vis spectroscopy
The samples were characterized by UV-Vis spectroscopy using a Varian 5100
spectrometer. The samples were examined using a dual-beam setup with the reference
being a functionalized glass substrate with no gold particles. The scanning range was
from 250nm-800nm and each sample was zeroed before each scan to facilitate
comparison of spectra. Analyses of the spectra were performed by curve fitting with
multiple Gaussian peaks in Origin (OriginLab 7.5). Determination of the best fit was
performed by fitting the UV-Vis spectra with increasing numbers of Gaussian peaks.
First order examination of the UV-Vis spectra (black curve) seen in Figure 3.5(a), shows
maxima located at approximately 650nm, 525nm, and below 350nm. Although the left
most Gaussian peak (green curve) is used in the fitting process, it is just an artifact from
the substrate. Protocols within the Origin software allow assigning peak locations at
below 350nm and at approximately 525nm and 650nm. The green, blue and magenta
curves in Figure 3.5(a) represent the three Gaussian curves that comprise the best fit
curve (red curve) of the UV-Vis spectra. A comparison of the UV-Vis spectra (black
curve) with the best fit curve (red curve) in Figure 3.5(a) shows that the curve fit
deviates from the UV-Vis spectra below 500nm, while providing a good fit for the data
above 500nm. Examination of the spectra and the deviation in the curve fitting indicates
the possible presence of an additional peak located around 425nm. This peak location
can be assigned to the absorption maximum located near the same wavelength of the
porphyrin molecules, as seen in Figure 2.15.
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Figure 3.5 – Gaussian peak fits to UV-Vis spectrum curves. The curves were fit to three,
four, five, and six Gaussian peaks to compare the fit. Although the left most peak is used
in the fitting process, it is just an artifact from the substrate. (a) fits 3 Gaussian peaks, (b)
fits 4 Gaussian peaks, with the fourth peak approximately placed at 430nm from
examining the curve fit in (a). (c) fits five Gaussian peaks and give the best fit. A sixth
Gaussian peak does not produce a better fit.
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Assigning another Gaussian peak at approximately 425nm results in the curve fit (red
curve) seen in Figure 3.5(b). The resulting curve fit for four Gaussian peaks exhibits a
better fitting parameter (R2~0.9991) than in the previous case of three Gaussian curves
(R2~0.997). Although the additional fourth peak exhibits a better fit below 500nm, it also
results in a worse fit at longer wavelengths. Further examination of the porphyrin
molecular absorption spectrum indicts another smaller absorption maximum around
580nm. The addition of a fifth Gaussian peak at approximately 580nm, results in the red
curve fit seen in Figure 3.5(c). This curve fit is in excellent agreement (R2~0.9999) with
the UV-Vis spectra. The spectra was further fit to six Gaussian peaks but exhibited no
further enhancement of the fit. Therefore, since the best fit was given by peaks
associated with expected physical interactions, UV-Vis spectra in this work were fit to
five Gaussian peaks, with the peak locations at approximately 650nm, 580nm, 525nm,
425nm, and below 350nm.

3.6.3. Opto-electrical characterization
All samples were characterized by a Lakeshore Desert Cryogenics probe station.
Temperature dependent studies were done from 80K-300K and photoconductivity
measurements were performed using a blue (405nm, 5mW), green (533nm, 3mW), and
red (655nm, 5mW) laser diode. The photon flux was calculated by measuring the output
power of the laser with a power meter (Newport 1935-C) and dividing the power by the
energy of the incident wavelength of light. The photon flux per unit area was then
obtained by dividing the photon flux by the area of the spot size for each laser which was
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determined by optical inspection. The measured power and spot size for the 405nm,
533nm, and 655nm laser diodes were as follows:
405nm laser diode: 1.55mW, 0.8mm diameter
533nm laser diode: 1.73mW, 1.1mm diameter
655nm laser diode: 2.0mW, 1.75mm diameter
The contact area of the device was determined by optical inspection as well. Probes tips
were made of CuBe and the system had less than an ohm resistance throughout. The
electrical characterization was performed with a electrometer (Keithley 6417A) with
10fA resolution. Open circuit and 10GΩ test resistor measurements confirmed proper
calibration of the system before each electrical test with a noise floor of 100fA.
Measurements were conducted in ambient and vacuum conditions.
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4.

Properties of hybrid AuNP nanostructures on glass

4.1.

Introduction

In order to understand transport through porphyrin linked AuNP assemblies, a simple
model system consisting of AuNP arrays on a glass substrate was employed. This control
allows particle size, density, separation, and molecular length to be systematically varied
to examine the transport mechanisms and the opto-electrical response of hybrid AuNP
devices.

4.2.

Nanoparticle array fabrication

As discussed in Chapter 3, various surface functionalizations (APDES, APTES, and
APTMS), particle sizes and distributions were used to create systematic test structures.
Both synthesized citrate reduced AuNPs and citrate stabilized AuNPs from commercial
sources were used to create the hybrid nanostructures. The AuNP arrays in Figure 4.1
are examples of glass substrates functionalized with 5% solution of 3Aminopropyl(diethoxy)methylsilane (APDES) in toluene. The APDES functionalized
glass substrates were immersed in aqueous solutions of citrate stabilized AuNPs where
the surface coverage and the particle size distribution of the AuNPs were established
using scanning electron microscopy (SEM). Citrate-stabilized AuNPs of diameters 16,
32, and 46 nm were synthesized according to a previously published methodology (also
described in detail above in Section 2.3.2.) and are seen in Figure 4.1(a-c),
respectively.[90] It was found that to produce saturated particle densities on the surface
required an immersion time of approximately 96 hours; sample-to-sample variations in
measured particle densities were 10%. The areal coverage of the particles in these
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samples was 52 ± 3%, 54 ± 3%, and 46 ± 2%, respectively. The size of the nanoparticle
is less important than the particle separation, and it was found that smaller particles
would pack closer together, while larger particles would not be close enough to be linked
with the porphyrin molecules.

The images in Figure 4.2 are glass substrates functionalized with (3-Aminopropyl)
triethoxysilane (APTES) and immersed in a commercial available gold colloid solution of
30nm diameter particles. Figure 4.2(a-d) are atomic force microscope (AFM) images of
samples with immersion times of 5, 100, 180, and 200 minute, respectively. The areal
coverage of the particles in these samples is 2.6±4%, 38.6±3%, 48.5±3%, 52.6±2%,
respectively. The images show an increase in particle density with immersion time and it
was found that after approximately 200 minutes of immersion, the particle densities did
not increase further, as seen in Figure 4.2(d).

Figure 4.3(a – f) are AFM images of the depositions of 15nm, 20nm, and 30nm
commercially available AuNPs on glass substrates functionalized with APTES. The left
column is immersion times of 100 minutes and the right column is 200minutes. Figure
(a) & (b) show depositions of 15nm diameter AuNPs with areal coverages of 44.1±2%
and 77±4%, while Figure (c) & (d) are 20nm diameter AuNPs with areal coverages of
56.5±2% and 71.8±3% , respectively. Figure (e) & (f) are 30nm diameter AuNPs with
areal coverages of 38.6±3% and 52.6±2%, respectively. These images show that the
deposition reaction is faster for smaller particles then for larger particles. Keeping the
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immersion time constant, but decreasing the AuNP diameter, results in a higher surface
coverage, as seen in comparing Figure (a) & (e).

Figure 4.1 – Synthesized citrate-stabilized AuNPs of (a) 16nm, (b) 32nm, & (c) 46 nm
diameter.
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Figure 4.2 - Atomic force microscope (AFM) images of samples with immersion times
of (a) 5, (b) 100, (c) 180, & (d) 200 minutes, respectively.

Figure 4.4 shows AFM images of bimodal distributions of AuNPs from commercial
available sources on APTES functionalized glass substrates. Because of the AuNP size
dependence on the deposition rates, the bi-modal arrays were deposited by consecutive
deposition steps. The larger sized particles were deposited on the substrate first since it
had a longer deposition time and hence was easier to control. The smaller sized particles
were subsequently deposited after determining the surface coverage of the larger
particles. Figure 4.4(a-d) show AFM micrographs of bi-modal depositions of 40nm
AuNPs with 40nm, 30nm, 20nm, and 15nm diameter particles, respectively. The initial
immersion time in 40nm AuNPs was for 180 minutes in all cases. The subsequent AuNP
immersion times of 40nm, 30nm, 20nm, and 15nm diameters were for 25, 60, 15, 25
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minutes, respectively. The areal coverage of the particles in these samples are
31.2±2%,44.9±3%, 70.4±4%, and 74.2±3%, respectively.

Figure 4.3 - AFM images of the depositions of 15nm, 20nm, and 30nm commercially
available AuNPs on glass substrates functionalized with APTES. The left column is
immersion times of 100 minutes and the right column is 200minutes. (a) & (b) show
depositions of 15nm diameter AuNPs with areal coverages of 44.1±2% and 77±4%,
while (c) & (d) are 20nm with areal coverages of 56.5±2% and 71.8±3% , respectively.
(e) & (f) are 30nm diameter AuNPs with areal coverages of 38.6±3% and 52.6±2%,
respectively.
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Figure 4.4 –(a - d) show bi-modal depositions of 40nm AuNPs with 40nm, 30nm, 20nm,
and 15nm diameter particles, respectively. The initial immersion time in 40nm AuNPs
was for 180 minutes in all cases. The subsequent AuNP immersion times of 40nm,
30nm, 20nm, and 15nm diameters were for 25, 60, 15, 25 minutes, respectively.
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The deposition rate and saturation coverage are related to the quality of the surface
functionalization. Although great effort was placed on sample preparation to produce
reproducible structures, variations occurred. This manifests as a lack of deposition or
defect areas in the array with a different surface coverage in the surrounding area.
Although the deposition rate is a semi-linear relation with immersion time, the quality of
the functionalization affects this rate and hence variable surface coverage can result.
Sufficient control was developed so that greater than 90% of the samples produced
desirable particle coverage. The process was found to be very robust and provides an
excellent platform to determine the transport mechanisms through the zinc-porphyrin
supermolecules.

Functionalization

APDES

APTES

APTMS

Particle
size

Immersion
time

% coverage

30nm

5-220min

3.1-54.3%

20nm

5-220min

15.2-75.35%

15nm

5-220min

32.1-89.7%

30nm

5-220min

2.6-52.6%

20nm

5-220min

29.2-88.2%

15nm

5-220min

63.8-92.1%

30nm

5-220min

2.9%-51.4%

20nm

5-220min

45.6%-86.4%

15nm

5-220min

58.2-93.2%

Table 4.1 –Processing variables to produce single sized AuNP arrays of 15nm, 20nm and
30nm diameter AuNP nanoparticles and resulting surface coverage.
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Functionalization

Particle
size

40nm

Immersion
time

120min

Particle
size

Immersion
time

% coverage

30nm

45-75min

17-37.4%

20nm

15-45min

50-88.4%

15nm

15-45min

73.5-94%

30nm

60-120min

20-53%

20nm

5-30min

49.4-69.5%

15nm

5-25min

61-83.6%

APTES

40nm

180min

Table 4.2 –Processing variables to produce bi-modal distributions of AuNP arrays and
resulting surface coverage as a function of surface functionalization, particle sizes and
immersion time.

Tables 4.1 and 4.2 summarize the AuNP deposition parameters. The resulting surface
coverage as a function of surface functionalization, particle size/sizes, and immersion
times are given. Table 4.1 provides the processing variables for single sized AuNP
arrays, while Table 4.2 lists the processing variables to develop arrays with a bimodal
distribution. In most cases, the processing conditions were such that the interparticle
spacing was not optimal to create a device. The particles were either spaced further apart
then the length of the zinc-porphyrin molecule intended to link adjacent nanoparticles or
a nanoparticle percolation pathway between electrodes resulted in conduction before the
deposition of the molecules.
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4.3.

Optical properties of AuNP arrays

These AuNP arrays are a platform to study photocurrent, therefore it is important to
consider the interaction of light with the nanoparticles. As mentioned in Section 2.1.4.,
the absorbance due to the plasmons in AuNP arrays is dependent on the particle size and
coupling. Since surface plasmons may affect opto-electronic properties, the optical
properties of the AuNP array were characterized. Immersion times provide empirical
control of the surface coverage and the optical absorption confirms the degree of
coupling in the nanoparticle arrays. The actual coupling will depend, not only on the
size and particle separation, but also on the degree of aggregation, which can be
inhomogeneous. The optical response of the AuNP arrays was determined by UV-Vis
spectroscopy.

Figure 4.5 compares the effects of particle size, distribution, separation, and aggregation.
Although the general trend of increasing immersion time results in an increase in surface
coverage and resulting shift of the UV-Vis spectra, it is not a linear relationship. Figure
4.5(a) shows the UV-Vis spectra as a function of immersion time for a 30nm AuNP
sample. The deposition time was varied from 5 minutes to 200 minutes. The increase in
immersion time increases the surface coverage, as seen in Figure 4.2, which is observed
in the UV-Vis spectra as an increase in the amplitude of the primary peak located at
520nm. The coupling (particle separation and aggregation) between AuNP’s manifests
itself in the appearance of a peak located at approximately 650nm. The peak increases in
amplitude and red shifts as the surface coverage increases, as theoretically shown in
Section 2.1.4. .
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Figure 4.5(a) also features an example of the limitation of this deposition process. As
seen by comparing Figures 4.2 & 4.5(a), increasing immersion time causes increased
surface coverage, but the growth of the coupling peak at 650nm does not always scale
with immersion time. Comparing the UV-Vis spectra for the 110 minutes with the 120
minute AuNP arrays in Figure 4.5(a), shows that while the primary peak located at
~525nm is approximately the same, the secondary coupling peak at ~640nm has a larger
amplitude and is more red shifted for the array immersed 110 minutes. This indicates
greater coupling between the particles at a lower surface coverage, which implies the
aggregating of particles. This discrepancy between the surface coverage and the UV-Vis
spectra could be due to incomplete functionalization of the surface before the deposition
of AuNP’s or aggregation in solution during the deposition process. In either case, the
variation in the optical response of the AuNP assemblies needs to be taken into
consideration when interpreting photoconductivity mechanisms in hybrid devices.

Figure 4.5(b) show the effects of areal coverage on the UV-Vis spectra for a sample with
a bimodal particle distribution of 40nm and 30nm particles. The increase in the
amplitude of the primary peak at 525nm and the coupling peak at 675nm is the result of
the increase in coverage of the 30nm particles. Both samples were immersed in a 40nm
AuNP solution for 120 minutes, while the sample with a surface coverage 16.9% was
immersed in a solution of 30nm AuNP particles for 45 minutes, while the sample with a
surface coverage of 44% was immersed for 100 minutes.
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Figure 4.5 – UV-Vis spectra of AuNP arrays (a) as a function of immersion time from 5
to 200 minutes in a 30nm AuNP solution, (b) as a function of surface coverage from
16.9% to 44% and (c) as a function of a bimodal distribution of 40nm and 30nm AnNP
linked with monomer, dimer, and trimer molecules.
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The effects of the molecular linker group can be observed in the UV-Vis spectra in
Figure 4.5(c). The UV-Vis spectra represent a bimodal distribution of 40nm and 15nm
AuNP arrays with similar surface coverage. The appearance of a peak at approximately
460nm indicates the successful attachment of the molecular linker group to the AuNP
arrays. The larger intensity of this peak for an attached monomer molecule can be
understood by referencing the absorption spectrum of the porphyrin complexes seen in
Figure 2.15. The monomer has a main peak that is centered at approximately 440nm and
is 33% larger than the largest peak for the dimer or trimer, which has peaks located at
490nm and 415nm. Therefore, the primary absorption peak of the monomer is more
visible in the UV-Vis spectra of the linked AuNP assembly because the peak is further
from the primary peak for the AuNP array. The variation in the optical response of the
AuNP arrays needs to be taken into account when designing the hybrid device structure.

4.4.

Temperature dependent dark conductivity

4.4.1. Temperature dependent conductance
The device structure was fabricated as described in Section 3.4. The conductivity data in
Figure 4.6 illustrate the conductance of the high density 16 nm, 32nm and 46nm arrays,
seen in Figure 4.1(a – c), respectively, before (dotted line) and after (solid line) molecule
attachment. Note again that it is not the size of the particles that is important but the
separation between the nanoparticles. As shown above, the smaller the particle diameter,
the smaller the particle separation for these samples.
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As seen in Figure 4.6, before the molecular deposition, the nanoparticle arrays exhibit a
wide range of conductance. In both the 32nm and 46nm samples, the conductivity was
minimal, falling within the noise of the electrometer indicating that the AuNP array
density were below the percolation threshold. After molecular deposition, the 46nm
sample still had almost zero conductance, while the increase in conductivity of the 32nm
sample indicates that the sample had the optimal interparticle spacing to link the dithiolPZn3 to adjacent nanoparticles and create a full conductive path between the electrodes.
The 16nm AuNP array was conducting before the molecular deposition, and the
conductance increased with molecular attachment.

Figure 4.6 – The conductance of the high density 16 nm, 32nm and 46nm arrays, seen in
Figure 4.1(a – c), respectively. The conductivity before (dotted line) and after (solid
line) molecular attachment are compared.

Note that while this conductivity is 7 orders of magnitude higher than that of the substrate
leakage, it is much lower than that for metal films, indicating that only a fraction of the
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particles provide conducting pathways. The addition of linker molecules increases the
conductivity by increasing the number of current pathways in the array. Subsequently,
only the 16nm and 32nm samples were examined to determine the charge transport
mechanisms. Figure 4.7 compares the temperature dependent conductivity at one volt for
the 32nm and 16nm AuNP arrays. In one, the conduction decreases with increasing
temperature as expected for a metallic array (red dotted), while in the other, conductivity
increases with increasing temperature (black dotted) indicating a thermally activated
conduction process. Sample 1 in Figure 4.7 is the 32nm AuNP array in which the
conductance exhibits temperature independence below 150K and an increasing
conductance with temperature above 150K. This comparison of the 32nm and 16nm
samples demonstrates that a metal−insulator transition occurs at a critical particle density.

Figure 4.7 - The temperature dependent conductivity at one volt for the 32nm (Sample 1)
and 16nm (Sample 2) AuNP arrays with 52% and 54% coverages, respectively. In one,
the conduction decreases with increasing temperature as expected for a metallic array
(red dotted), while in another, conductivity increases with increasing temperature (black
dotted) showing a thermally activated conduction process.
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Figure 4.8 –(a) & (b) show temperature dependent conduction of a 32nm AuNP array
and 40nm/15nm bi-modal AuNP array linked with trimer molecules. (c) & (d) are
temperature dependent conduction of 40nm/15nm bi-modal AuNP arrays linked with
dimer and monomer molecules, respectively.

In order to isolate the properties of the hybrid devices, the AuNP arrays should not
exhibit any transport in the absence of molecular linkers. The analysis will now be
limited to samples that empirically were found to exhibit no current before molecular
attachment; therefore, AuNP arrays similar to the 16nm sample will not be discussed
further. Investigating the possible conduction mechanisms controlling the transport
through the linked AuNP arrays requires a systematic protocol to determine the voltage
and temperature dependencies. Figure 4.8(a – d) illustrates that the temperature
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dependence of the current depends on the specific molecule linked to the AuNP array.
Figure (a) & (b) compare the conduction properties of a 32nm AuNP array and
40nm/15nm bi-modal AuNP array linked with trimer molecules with surface coverages
of 54% and 70%, respectively. Figure (b- d) compare the conduction properties of
40nm/15nm bi-modal AuNP arrays linked with trimer, dimer and monomer molecules,
respectively, and surface coverages of 70%, 61% and 63.7%, respectively. A protocol
was developed to analyze the temperature and voltage dependent conductivity to
determine if multiple mechanisms contribute to conduction. The voltage dependence was
examined with transition voltage spectroscopy where an observed transition from direct
to Fowler-Nordheim tunneling gives an approximation of the barrier height. The
temperature dependent conductivity was analyzed to determine if the transport can be fit
to a thermionic emission model or an activated process. If an activated process was
present, the form of the temperature dependence was determined by examining the
temperature dependence of the logarithmic derivative of the inverse conductance with
respect to Tα, where α was varied. The apparent activation energy was determined by a
linear fit of the logarithm of the conductance as a function of inverse temperature. In
addition to conventional fitting of the temperature dependent conductivity, the voltage
and temperature dependence of the current-normalized differential conductance was
examined to determine if multiple transport mechanisms are present.
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4.4.2. Analysis of charge transport
Figure 4.8 illustrates both linear (Figure 4.8(b – d)) and non-linear (Figure 4.8(a))
voltage dependencies and the temperature dependence indicates an activated behavior in
all samples. Analysis of the conductivity data in Figure 4.8 requires the examination of
the voltage and temperature dependencies to determine if multiple mechanisms are
present. Figure 4.8(a) shows a clear voltage threshold for conduction, while Figure
4.8(b – d) shows a near linear response. Based on studies on similar AuNP systems, the
tunneling mechanisms can be categorized into either direct or Fowler-Nordheim
tunneling.[32] These two mechanisms can be distinguished by a change in voltage
dependencies observed with transition voltage spectroscopy.[32]

Figure 4.9(a – d) compares the Fowler-Nordheim plots of the conductivity data in
Figure 4.8(a – d), respectively. Figure (b- d) show no transition to Fowler-Nordheim
tunneling at higher voltages across all temperatures, while Figure (a) exhibits a transition
to Fowler-Nordheim from direct tunneling. The insert in Figure (a) shows the linear fits
on either side of the transition. The intersection of the fit lines corresponds to the
transition voltage from direct tunneling to Fowler-Nordheim tunneling. A transition
voltage of 1.17V ±0.06V was found across the full temperature range. Transition voltage
spectroscopy does not take into account temperature dependence, but the conductivity
data in Figure 4.8 shows that an activated transport process co-exists with tunneling.
The exact nature of the temperature dependence needs to be determined.
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Figure 4.9 - Fowler-Nordheim plots of the conductivity data seen in Figure 4.8(a – d),
respectively. (a) exhibits a transition to Fowler-Nordheim from direct tunneling. The
insert of (a) shows the linear fits on either side of the transition from direct tunneling to
Fowler-Nordheim tunneling showing a transition voltage of 1.17V ±0.06V. (b - d) show
no transition to Fowler-Nordheim tunneling at higher voltages across all temperatures
indicating only direct tunneling.

Figure 4.10(a-d) compares the temperature dependent conductivities of the samples in
Figure 4.8(a-d), respectively, to determine if the temperature dependence follows a
thermionic emission model for transport. Thermionic emission can be distinguished by
linearizing the conductivity data as ln(I/T2) as a function of 1/kT. The slope of the
relationship is proportional to the barrier height. None of the data in Figure 4.10 exhibit
a transition where ln(I/T2) increases linearly with increasing temperature, hence
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thermionic emission is not the temperature dependent conduction mechanism. Although
thermionic emission is not clearly responsible for the temperature dependence, the data
still indicates an activated process.

Figure 4.10 – (a – d) show re-plots of the data in Figure 4.8(a - d) as ln(I/T2) as a
function of 1/kT, respectively. Thermionic emission can be distinguished by a region
where ln(I/T2) increases linearly with increasing temperature.

The current as a function of voltage in Figure 4.8(b – d) exhibits a finite resistance at
zero bias along with thermally activated conduction. To account for this, it can be
assumed that the conductance follows a simple Arrhenius law, Equation (25),
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(25)

where g0 is a prefactor, Φ is the activation energy required for transport over the potential
barrier, k is the Boltzmann constant, and T is the temperature. The slope of the logarithm
of the conductance, ln(g), as a function of inverse temperature, 1/kT, is the activation
energy, Φ. Unfortunately, plotting the natural log of the conductance as a function of
1/T, 1/T0.5 or 1/T0.25 provides an inconclusive solution at best since the fitting of the
temperature dependence to any form requires an assumption about the transport
mechanisms. Heath el al have shown that the temperature dependence of the
conductance for NP films exhibits a crossover from Arrhenius-like behavior with T-1
dependence to a low-temperature variable range hopping (VRH) regime with a T-1/2
dependence at lower temperatures. Herrmann et al and others have reported an
intermediate temperature dependence that does not fit well to either the T-1 or T-1/2
dependence and is related to disorder in the array. To determine if the systems examined
here exhibit such a crossover and/or the temperature dependence, a differential analysis
of the natural log of the conductance can provide a robust description of the temperature
dependence.[23] Therefore, the temperature dependence of the logarithmic derivative of
with respect to T-α was examined to demonstrate the functional form controlling
the temperature dependence.

If the temperature dependent conductance follows Equation (26) over a specific
temperature range, then dln(g-1)/dT-α should be constant in that region. Figure 4.11(a –
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d) show dln(g-1)/dT-α as a function of temperature for α=1, 0.8, and 0.5, of the
conductivity data in Figure 4.8(a –d), respectively. Figure 4.11(a) & (b) which have
trimer molecules attached to the AuNP arrays show the best fit with α=1 and α=0.88,
respectively. Figure (c) & (d) represents AuNP arrays linked with dimers and monomers
and fit to α=1.0 and α=0.5, respectively.

(26)

Figure 4.12 shows dln(g-1)/dT-α as a function of temperature for a variety of AuNP
assemblies. Figure 4.12(a) plots dln(g-1)/dT-1 as a function of temperature of the
conductivity data in Figure 4.8(a) for various applied voltages. Figure 4.12(b) shows
several trimer linked AuNP arrays that exhibit a linear conductivity response similar to
that seen in Figure 4.8(b). Each AuNP array is plotted for the best fit of α as a function
of inverse temperature with α found to range from -1 to -0.75. The figure also indicates a
transition region from 160-200K, regardless of the temperature dependence, that indicates
a transition from the activated region at lower temperature to metallic-like transport
above the transition region.
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Figure 4.11 - dln(g-1)/dT-α as a function of temperature for α=1, 0.8, and 0.5, of the
conductivity data seen in Figure 4.8(a – d), respectively. (a) & (b) have trimer
molecules attached to the AuNP arrays and are best fit with α=1 and α=0.88. (c) & (d)
represent AuNP arrays linked with dimers and monomers and best fit to α=1.0 and α=0.5,
respectively. The best fit was determined by comparing the linear fit of the data below
~200K for each value of α. The α that results in the linear fit slope being closest to zero
was defined as the best fit.

Figure 4.12(c) & (d) show several dimer and monomer linked AuNP arrays that exhibit
linear conductivity similar to that seen in Figure 4.8(c) & (d), respectively. As in Figure
4.12(b), dln(g-1)/dT-α is plotted for the best fit of α as a function of inverse temperature
with α found to ranges from -1 to -0.5 and from -0.85 to -0.5 for the dimer and monomer,
respectively. The temperature dependence of AuNP arrays linked with dimer molecules
are found to exhibit either a T-1 or T-0.5 dependence, and do not exhibit an extended
temperature range in which one dependence can describe the transport. The majority of
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monomer linked AuNP arrays fit best to T-0.8. The dimer and monomer linked AuNP
arrays show a similar transition region between approximately 150K and 200K from an
activated process at lower temperature to another mechanism at higher temperatures.
This variability in the temperature dependence could be an indication of the degree of
disorder and/or charging in the AuNP arrays, as has been shown in other more highly
ordered systems.[91, 92] For this study, we will assume that T-1 describes the transport
with any variation arising from the degree of disorder.

Figure 4.12 - dln(g-1)/dT-α is plotted for the best fit of α as a function of inverse
temperature. (a) for various applied biases from the data in Figure 4.8(a). (b) for trimer
linked AuNP arrays that exhibit a linear conductivity response similar to that seen in
Figure 4.8(b). (c) & (d) for dimer and monomer linked AuNP arrays that exhibit a linear
conductivity response similar to that seen in Figure 4.8(c) & (d), respectively.
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Figure 4.13 – Natural logarithm of the conductance as a function of the inverse
temperature. (a) the temperature dependent conductivity data in Figure 4.8(a). (b - d)
are for various AuNP arrays linked with trimer, dimer and monomer molecules,
respectively, that exhibit a near linear conductivity response similar to Figure 4.8(b-d),
respectively. The red dotted lines are linear fits of the data below 200K.

With the temperature dependence determined to be independent of the molecular
attachment and particle size distribution, the natural log of the conductance can be plotted
as a function of the inverse temperature to obtain an apparent activation energy for the
arrays represented in Figure 4.12. Figure 4.13(a) is an Arrhenius plot of the data in
Figure 4.8(a), which exhibits temperature independent conductance below 200K and a
voltage dependence with a transition between 1V and 1.5V above 200K. Below 1V, the
data exhibits a larger apparent activation energy then above 1V.

Figure 4.13(b) & (d)

show that the transport exhibits activated behavior below 250K and a transition to
86

metallic like transport above 250K, where the conductance decreases with increasing
temperature. Figure 4.13(c) shows that the transport exhibits activated behavior through
the whole temperature range for samples with dimer linkers.

Figure 4.14 – The activation energies as a function of the current at 220K for AuNP
linked with trimer (black), dimer (green), and monomer (blue) molecules. All samples,
regardless of linker molecule or AuNP size distribution, exhibit a decrease in activation
energy with increasing conductance until it reaches a threshold value, approximately at
8.6 meV.

A linear fit of the activated regime (below 200K) in Figure 4.13 allows the apparent
activation energies (proportional to the slope) of the barrier to transport to be determined.
The samples in Figures 4.13 are plotted in the order of decreasing conductance and
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exhibit a change in activation energy as a function of conductivity, which can be seen
more clearly in Figures 4.14, where the slopes of the linear fits in Figure 4.13 are plotted
as a function of current at 220K. This temperature was chosen to compare apparent
activation energies since it was the highest temperature at which all samples showed
activated transport. Figure 4.14 shows that the activation energies decreases with
increasing conductivity and saturates after reaching a threshold, independent of the linker
molecule. The activation energy for the trimer, dimer and monomer linked arrays
appears to be approximately 8.6meV ± 3.6meV (red line), with the inset showing a
zoomed in view of the data below 500pA.

Murray et al have studied of transport through metal nanoparticle assemblies and shown
that the general form of the conductance is Equation (27), where the first term is related
to tunneling between particle and the second term describes the activated transport
describe above.[93, 94]

(27)

In Equation (27),

is a prefactor, while the second term is a tunneling component to the

transport, where

is a decay constant and is the tunneling distance between particles

and the last term is related to an activated hopping process, with
the temperature and

being a constant,

is

is the exponent related to the temperature dependence.[91, 93] The

tunneling component should exhibit nominal temperature dependence, but the preexponential factor is shown to have a correlation with To for a large number of organic
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semiconductors.[95, 96] A differential analysis of the log of the current can provide an
understanding of the voltage dependence and any temperature dependence that is not
independent of the applied voltage. Plotting dln(I)/dV as a function of T will reveal any
change in the temperature dependence as a function of voltage.

Figure 4.15 - (a –d) show the temperature dependent dlog(I)/dV as a function of voltage
for the conductivity data in Figure 4.8(a – d), respectively. The inserts in (b – d) show
plots of the data above 1V.
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Figure 4.15(a – d) shows the dln(I)/dV as a function of voltage for the conductivity plots
in Figure 4.8(a – d), respectively. Figure 4.15(a) exhibits a linear voltage response
below 1V and exhibits nominal temperature dependence. Figure 4.15(b – d) exhibit
near-linear voltage responses, as expected from the conductivity data, and an examination
of the voltage dependence above 1V (inserts) shows a slight temperature dependence as
well. Figure 4.16 plots dln(I)/dV as a function of temperature for the samples with nearlinear behavior in Figure 4.15. Figure 4.16(a) compares a low conductivity and high
conductivity AuNP array linked with trimer molecules. Both AuNP arrays exhibit
constant temperature dependence above 150K, but the lower conductivity device exhibits
a larger change in the temperature dependence compared to the more conductive device
below 150K. Figure 4.16(b) compares dlog(I)/dV as a function of temperature for a
AuNP array linked with trimer molecules and an array linked with dimer molecules. The
samples had approximately the same conductance at 220K and the same bimodal
distribution of AuNPs. The plot shows that the dimer linked AuNP array exhibits a larger
temperature dependence change than does the trimer linked AuNP array. This
phenomenon can also be seen in Figure 4.16(c) where a AuNP array linked with trimer
molecules is compared to an array linked with monomers. The monomer linked AuNP
array shows a larger change in temperature dependence below 150K than does the trimer
linked array, while the dependence in the higher temperature regime remains constant. It
is found, in general, that when comparing samples of similar conductivity that the
observed change in temperature dependence decreases with increasing molecular linker
length.
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Figure 4.16 - dln(I)/dV as a function of temperature. (a) comparison of a low
conductivity and high conductivity AuNP array linked with trimer molecules. (b)
comparison of a AuNP array linked with trimer molecules and an array linked with dimer
molecules. (c) comparison of a AuNP array linked with trimer molecules with an array
linked with monomers. (b) & (c) compare AuNP linked arrays of similar conductivity.

The observed temperature dependence in the analysis of dln(I)/dV provides insight into
the possible transport mechanisms. When the barrier to transport is very thin, as is the
case with our linker molecules, tunneling and thermionic emission (Schottky) are
generally regarded as the two potential dominate conduction mechanisms. Clearly
thermionic emission is strongly dependent on the barrier height and temperature, thus is
easily distinguished from a direct tunneling mechanism. The Poole-Frenkel effect, where
the electric field assists thermal ionization of trapped charge carriers, and thermionic
emission (Schottky), where the electric field lowers the barrier height, results in the same
functional form of the temperature dependence. The observation of a transition to
Fowler-Nordheim tunneling in the non-linear case gives support to the presence of a
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tunneling mechanism, but the observation of the strong temperature dependence in the
near-linear cases suggests various hopping models.

As discussed in Section 2.4.1, this ambiguity can be addressed with the current
normalized differential conductance which simplifies the transport equations and reduces
the number of fitting parameters. Comparing the equations in Section 2.1.3 and Figure
4.16, the non-linear dependence of dln(I)/dV on temperature discounts Poole-Frenkel and
thermionic emission, since both of these models result in an inverse temperature
dependence. The observed non-linear trend can be explained by fitting the data to a
thermally assisted tunneling model. This model has been developed and discussed by
Roberts & Polanco and an analysis of the entire emission phenomena has been performed
by Murhpy & Good.[97-99] This mechanism involves tunneling through potential
barriers, and the systems studied here involve tunneling through a series of potential
barriers. The product of the tunneling probabilities included in the conductivity
expression results in the extremely low conductivity observed in the data. Roberts and
Polanco have shown that for appropriate parameters, thermally assisted tunneling can
yield the current dependence on voltage with the form of thermionic emission or PooleFrenkel effects[98]. The thermally assisted tunneling model describes the situation in
which the major contribution to the tunneling integral does not come from the region of
the Fermi level but from an energy level located some position above the Fermi level. At
the same time, this tunneling mechanism dominates over the thermal electron transfer
process that occurs at energy levels above the height of the barrier. Since the main
contribution to thermally assisted tunneling comes from energies that are above the Fermi
92

energy, this makes the effective and measured barrier height smaller than the actual
barrier to transport.

The analysis by Murphy and Good is an extension of the Richardson-Schottky and the
Fowler-Nordheim models.[99] With appropriate boundary conditions, an analytical
solution for the functional form of thermionic emission (Schottky) and field emission
(Fowler-Nordheim) for the total current density can be obtained. Within this frame
work, a transition regime can be developed to describe transport when both thermionic
and field emissions are present. Equation (28) is the functional form of this intermediate
regime (also seen Section 2.1.3.), where Θ=2t(y)-2-2υ(y)t(y)-3 and the other arguments
have been defined in Section 2.1.3.

(28)

The arguments υ(y) and t(y) are elliptic functions that are related to the applied voltage
and the barrier height. The logarithmic derivative of the current with respect to voltage
produces the relationship seen in Equation (29).

(29)

The dotted red lines in Figure 4.16 are best fit lines to the functional form in Equation
(29) and are in good agreement with the data. The variation between samples is a
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function of Θ in Equation (29). This term is found to be a function of applied field, and
the unreduced barrier height. Assuming that the analysis of logarithmic derivative
provides proof that thermally assisted tunneling can describe the transport, the functional
form of the current as a function of voltage should fit our data. The samples that exhibit
near-linear conductivity fit very well to the functional form for thermally assisted
tunneling in Equation (28).

In further prove of the robust nature of this analysis, dln(I)/dV as a function of
temperature for the sample that exhibit nominal temperature dependence (non-linear
conductivity response) does not fit well to the thermally assisted tunneling function
(Equation (28)). This is somewhat expected since the Fowler-Nordheim plot shows a
transition from direct tunneling to field emission and the conductivity data in this case
can be fit to the functional form for field emission. But the conductivity data exhibit
temperature dependence; therefore the conventional Fowler-Nordheim formula for field
emission does not fully describe the data. This inconsistency for the case of non-linear
transport can be described in the model by assuming a thin potential barrier at the
interface between the molecule and the AuNP’s. The voltage drop would occur across
the AuNP surface and the boundary layer according to the resistance of each component.

Although the work function of the nanoparticles with chemisorbed porphyrins is not
known, comparison of the extracted value of Θ from the fits in Figure 4.16 and the
activation energies as a function of conductive provide useful insight. As noted above, Θ
is a function of the applied field and the barrier height. The term Θ is a function of v and
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t, which are mathematical definitions that depend on only the Nordheim parameter,
y.[100] The fit of Equation (29) to our data yields Θ in the range of 1.34x10-8 to 3.69x107

, which corresponds to the case of a small number of active junctions and barrier heights

similar in magnitude to those obtained from Arrhenius analysis (10-30meV). The Θ
determined from the measurements increases as a function of molecular length, which
can be understood as a decrease in the local electric field due to the increased particle
separation. Similarly, an observed increase in Θ as a function of decreasing conductivity
is consistent with a decrease in the apparent barrier height expected for higher molecular
surface coverage.

4.4.3. Mechanisms of charge transport
The analysis of the dark conductivity data shows that the transport results from thermally
assisted tunneling at most temperature in arrays exhibiting near-linear current-voltage
responses and from Fowler-Nordheim tunneling at low temperatures with multiple
mechanisms at higher temperatures in arrays exhibiting non-linear current-voltage
behavior. The parameters that dictate the ultimate current magnitude are the particle
work function, molecular surface coverage, and particle separation. Note that the
“apparent activation energy” is directly related to the work function if all other variables
are considered equal. There is considerable variation in this apparent work function, but
it increases monotonically with the sample conductance, saturating at a maximum value.
If the conductance variations were caused by variations in the number of transport paths
across arrays with the same interfacial barriers, the “apparent activation energy” would
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not vary with conductance. If, however, the variations were caused by variations in the
porphyrin surface coverage, then the observed dependence on conductance would
manifest. There is a vast amount of literature on the effects of the adsorption of organic
compounds on the work function of metals and it invariably decreases the work
function.[32, 101, 102] In our case, increased porphyrin coverage would lower the work
function and increase the overall conductance, and furthermore, saturation would occur at
complete coverage. For this reason the variation in the activation energy was attributed
to the extent of the surface coverage of the molecule on the AuNP and all analyses of
mechanism were carried out on samples with similar conductivities ensuring that the
work functions were likewise similar.

The transport mechanisms in the hybrid nanoparticle arrays can be explained in terms of
the band diagrams in Figures 4.17, 4.18, & 4.19. Figure 4.17 shows a proposed band
structure of the porphyrin linked AuNPs. Zangmeister et al have studied 4,4’(ethynylphenyl)-1-benzenethiol (OPE) self-assembled monolayers (SAMs) on gold
surfaces, which although not a dithiol, can provide insight into the barriers to transport
associated with the Au-S bonds and phenyl-ethyene linker groups attaching the zincporphyrins on the AuNPs in this study.[101, 102]. The gold-sulfur interaction extends
the binding energy from the Fermi level of the gold to 1eV below this level.[102] This
bond also produces levels closer to the Fermi level, which are localized at the interface
with limited extent into the molecular gap.[102] The work function of the gold surface
with a OPE monolayer is 4.2eV, which is approximately 0.6eV lower than a bare gold
surface.[102] The highest occupied level (HOMO) and lowest unoccupied level (LUMO)
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of the phenyl-ethyene bridge located 1.9eV below and 2.5eV above the Fermi level,
respectively. Susumu et al have shown the band gap of conjugated (porphinato)zinc
oligomers through potentiometrically determined HOMO and LUMO energy levels to be
approximately 1.5eV.[103] The energy levels were also found to vary little with
increasing conjugation length.[103] The band diagram in Figure 4.17 is from estimates
based on other studies of similar molecules. The range between the exciton energy and
the delocalized band gives an uncertain in the actual transport band gap.

Figure 4.17 - Proposed band structure of zinc-porphyrin linked AuNPs.

As noted above, the case of a near-linear conductivity response, where thermally assisted
tunneling is the dominate transport mechanism, Θ is a function of the applied field and
barrier height.[104] The increase in Θ as a function of molecular length can be
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understood as the decrease in the electric field as a result of an increased molecular
length. The increase in Θ as a function of decreasing conductivity can be described as an
increase in the apparent barrier height as a function of the extent of the surface coverage
on the AuNP. These two phenomena can be examined in Figure 4.18, which shows an
idealized band diagram as a function of molecular length. Figure 4.18(a) is the flat band
condition, where the Ef is the Fermi energy of the AuNPs in relation to the HOMOLUMO levels of the zinc-porphyrin supermolecule. Ea is the energy at some level above
the Fermi level in which thermally assisted tunneling occurs. Figure 4.18(b-d) shows
the case for the monomer, dimer, and trimer, respectively with an applied voltage across
the junction. Comparing Figure 4.18(b-d) illustrates that as the molecular length
increases, the field decreases due to the length over which the bias is applied. The
variation due to the conductivity can be understood by a change in the barrier height due
to degree of surface coverage, which would be reflected in the position Ea related to the
Fermi energy. As the molecular coverage decreases, the energy level associated with
thermally assisted tunneling (Ea) approaches the Fermi energy. The Arrhenius plots show
that when the surface coverage of the molecules on the AuNPs is saturated, and the
apparent activation energy does not change with conductivity, with an apparent activation
energy of 8.6meV, regardless of the attached molecule. This energy represents the
energy from Ea to the top of the barrier, as such; thermally assisted tunneling grossly
underestimates the true barrier height.
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Figure 4.18 – Idealized band diagram as a function of molecular length for AuNP arrays
with near linear conductivity response. (a) shows the flat band condition, where the Ef is
the Fermi energy of the AuNPs in relation to the HOMO-LUMO levels of the zincporphyrin supermolecule. Ea is the energy at some level above the Fermi level in which
thermally assisted tunneling occurs. (b-d) shows the case for the monomer, dimer, and
trimer, respectively with an applied voltage across the junction.

In the case of the non-linear conductivity response, the voltage dependence exhibits a
clear transition from direct tunneling at low biases to field emission (Fowler-Nordheim)
at higher biases. The apparent barrier height is 1.17eV across the full temperature range,
but Fowler-Nordheim transport does not include temperature dependence, whereas the
conductivity data does exhibits weak temperature dependence. Applying a thermionic
emission model and examining an Arrhenius plot of the conductivity data indicates
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temperature dependence above 200K. Examining Figure 4.10(a) & 4.13(a) above 200K
shows that below 1.5V, that the apparent activation energy is larger and voltage
dependent whereas above 1.5V exhibits smaller activation energies that are voltage
independent. This indicates that field emission does not fully describe the transport
mechanism.

With reference to the linear conductivity response, the transport is thermally assisted
tunneling with the non-linear effects resulting from a thin potential barrier at the interface
between the molecule and the AuNPs.[97] Figure 4.19 shows an idealized band diagram
for the non-linear case, where an additional barrier has been added between the molecule
and the AuNPs. Assuming that thermally assisted tunneling is still present as a transport
mechanism; the major contribution to the tunneling current once again comes from some
level above the Fermi level.[97] Unlike the previous case though, the introduction of the
additional barrier results in the transport being dominated by traditional field emission
characteristics. This can be observed in Figure 4.19, where (a) is the flat band condition,
while (b) & (c) are at low and high applied biases, respectively. It shows that at low
biases, Figure 4.19(b), that the direct tunneling through the additional barrier is the
dominating the transport. At high biases, Figure 4.19(c), the transport is field emission
but now it is tunneling through two barriers that can be modeled as thermally assisted
tunneling.
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Figure 4.19 – Idealized band diagram as a function of molecular length for AuNP arrays
with non-linear conductivity response. (a) shows the flat band condition, where the Ef is
the Fermi energy of the AuNPs in relation to the HOMO-LUMO levels of the zincporphyrin supermolecule. Ea is the energy at some level above the Fermi level in which
thermally assisted tunneling occurs. (b) & (c) show the low and high bias regimes,
respectively, with an applied voltage across the junction.

As discussed in Section 4.3, the AuNP arrays are a platform to study photocurrent in
hybrid devices, therefore understanding the interaction of light with the AuNP assemblies
needs to be determined to tune the opto-electrical response. The immersion time
provides empirical control of the particle separation, which as discussed above, can be
manipulated to produce a wide range of transport behavior. Independently, the
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immersion time can empirically control the particle size distribution & coupling, where
the actual coupling will depend not only on the size and particle separation, but also on
the degree of aggregation. As mentioned in Section 2.1.4., the absorbance due to the
plasmons in AuNP arrays is dependent on the particle size & coupling and the optical
absorption confirms the degree of coupling in the nanoparticle arrays.

Since surface

plasmons may affect opto-electronic properties, determining the effects of incident light
for the various conductivity responses can result in an understanding the origins of
photoconduction in these systems. The effects of incident light on the temperature and
voltage dependencies can bring insight into the possible origins such as hot electrons,
plasmon enhanced photoconduction, and field-induced ballistic emission.

4.5.

Wavelength dependent photoconductivity

The temperature dependent conductance in the previous section was extended to
determine the origins of photoconductivity in these systems. Current-voltage plots were
obtained when no light was incident on the sample, while wavelength dependent currentvoltage plots were obtained by exposing the device area with 405nm (blue), 532nm
(green), and 655nm (red) light from laser diodes. Remarkable differences are observed in
the photocurrent responses for the non-linear and near-linear conductivity behavior as a
function of excitation wavelength. Since neither the conductivity nor photoresponse
manifests in AuNP arrays in the absence of the dithiol-PZnx, the photocurrent must be
derived from the optical interactions with the attached molecules. If the magnitude of the
photocurrent depended only upon production of the electronically excited singlet state of
the AuNP-to-AuNP linker, the measured photoconductivity should track with the
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magnitude of the wavelength-dependent absorptive extinction coefficient. It has been
shown that a thiol-to-Au bond does not substantially alter the electronic structure of a
wide range of adsorbed molecules, therefore, molecular photoconductivity should be
proportional to the absorption at the relevant wavelengths.[105] This implies that (in
reference to the absorbance of the dithiol-PZn3 in Figure 2.15), that there should be a low
photoconductivity response with red and green light and 3-4 times higher for blue light.
To understand the observed photocurrent for the illumination with various wavelengths
of light, it is important to consider the effects of the incident light on the linker molecules
and AuNPs to differentiate between such effects as hot electrons, plasmon enhanced
photoconduction and absorption by the molecule. These mechanisms can be determined
by comparing the photoconductance with variations in the transport behavior, such as
changes in the barrier heights, temperature dependence, and optical response. Samples
exhibited a range of photoconductance behavior. In the following section, the cases of
AuNP arrays with non-linear and near-linear dark conductivity will be considered
separately and the effects of molecular length, excitation wavelength, and photon flux
will be considered. The effects of illumination of current transport mechanisms, and
especially the factors that influence those mechanisms will be determined.

Figure 4.20 shows the photoconductivity plot at 198K of the 32nm sample of which the
dark current is shown in Figure 4.8(a). The current enhancement, which is the difference
in current between while exposed to light and the dark current (ΔIλ) is seen in Figure
4.21(a) & (b) for low and high biases, respectively. Figures 4.20 illustrates that the
current upon illumination with red light (ΔIRed) shows a larger increase in current than
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that on illumination with green or blue light (ΔIGreen or ΔIBlue). Figure 4.21(a) & (b)
show that ΔIRed is 2-6 times larger than ΔIGreen or ΔIBlue at 1V & 2.5V, respectively, and
over a broad range of temperatures. As discussed above, the molecular
photoconductivity should be proportional to the absorption extinction coefficients at the
relevant wavelengths if the photocurrent depended only upon production of the
electronically excited singlet state. The anomalously large photocurrent observed for the
illumination with 655nm light implies that another process is dominating the observed
photocurrent enhancement. Figure 4.21(c) & (d) show current enhancements as a
function of the photo flux (as described in Section 2.7.3) at 1V & 2.5V, respectively, and
over a broad range of temperatures. If the photocurrent was proportional to the number
of incident photons, then a linear relationship between the current enhancement and
photon flux should be expected. Figure 4.21(c) & (d) does not exhibit a linear increase
in photoconduction with photon flux, nor does the data show a linear increase when
corrected for the absorption coefficient at the relevant wavelength (inserts in Figure
4.21(c) & (d)).

Figure 4.20 – Wavelength dependent conduction at 198K of the 32nm AuNP array in
Figure 4.1(b). The sample was illuminated with red, green and blue laser diodes at
655nm, 532nm, and 405nm.
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Figure 4.21- The current enhancement for AuNP array in Figure 4.1(b) linked with
trimer molecules at various temperatures, in which the enhancement is the difference in
current between that when exposed to light and the dark current. (a) & (b) are the
temperature dependent current enhancements at 0.8V and 2.5V, respectively. Red for
illumination with 655nm, green with 533nm, and blue with 405nm laser diode. (c) & (d)
are re-plotted as a function of photon flux per unit area for the 405nm, 533nm, and
655nm laser diodes. The inserts are corrected for the absorption coefficients obtain from
the absorption spectra of the trimer molecule in Section 2.7.3 at the relevant wavelength
for the photon flux.

Figure 4.22 shows the Fowler-Nordheim plots for the conductivity results represented in
Figure 4.21. Figure 4.22(a -d) shows transition voltages for no illumination and
illumination with red, green & blue light of 1.17V ±0.06V, 1.5V±0.02V, 1.26V±0.01V,
and 1.26V±0.04V, respectively. This implies that illumination with red light increases
the apparent barrier height by 0.33eV, while illumination with green and blue light
increases the barrier height by only 0.09eV over the whole temperature range.
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Figure 4.22 – (a-d) Fowler-Nordheim plots of the conductivity data represented in
Figure 4.21, for no illumination and illumination with red, green, and blue light,
respectively. (a-d) exhibit transition voltages of 1.17V ±0.06V, 1.5V±0.02V,
1.26V±0.01V, and 1.26V±0.04V, respectively.

Figure 4.23(a - d) shows the temperature dependent dark conductivity plots for incident
red, green, and blue light. Figure 4.23(a) & (b) shows the temperature dependent
conductivity data re-plotted to distinguish thermionic emission by linearizing the
conductivity data as ln(I/T2) as a function of 1/kT at 1V and 2.5V, respectively. The
figure shows that there is a transition around 250K at either applied voltage with no
illumination. The transition is also observed on illumination with green or blue light, but
not with illumination with red light. Figure 4.23(c) & (d) show the logarithm of the
conductance as a function of inverse temperature (Arrhenius) at 1V and 2.5V,
respectively. Figure (c) shows that the conductivity data below 200K is temperature
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independent, while above 200K, the apparent activation energy is 81.5meV for no
illumination and a general decreasing of the activation energy with illumination with
blue, green, and red light, respectively. Conduction on illumination with red light shows
a nominal apparent activation energy, while illumination with blue and green light results
in complex behavior. Figure (d) shows that the conductivity data below 200K is nearly
temperature independent, while above 200K there are apparent activation energies of
40.6meV for no illumination to 23meV, 24.8meV, and 16.9meV for illumination with
blue, green, and red light, respectively. Comparison of Figure (c) & (d) also shows that
that the activation energy is voltage dependent with the activation energy decreasing with
increasing voltage.

Figure 4.23 –Temperature dependent conductivity data represented in Figure 4.21, for
no illumination and illumination with red, green & blue light. (a) & (b) show the
conductivity data linearized to a thermionic emission model at 1V and 2.5V, respectively.
(c) & (d) show the logarithm of the conductance as a function of inverse temperature
(Arrhenius) at 1V and 2.5V, respectively.
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Figure 4.24 - dln(I)/dV as a function of voltage, where (a – f) represent the dln(I)/dV
plots at 78, 118, 158, 198, 238, and 278K, respectively.
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Figure 4.24 shows dlog(I)/dV as a function of voltage, where Figure (a – f) represent the
dln(I)/dV plots at 78K, 118K, 158K, 198K, 238K, and 278K, respectively. The figure
shows a transition in behavior around 1V, where below 1V the voltage dependence is
linear. The incident light has no effect on the voltage or temperature dependence across
the whole temperature range.

Figure 4.25 - Optical absorption for the AuNP arrays before and after functionalization
with dithiol-PZn3. (a) is the UV-Vis spectra of the 16nm, 32nm, and 46nm samples in
Figure 4.1(a-c), respectively. (b) is the UV-Vis spectra of only the 32nm sample, where
the dotted line represents the AuNP’s before attaching the dithiol-PZn3 and the solid line
denotes after linking the AuNP array, and the blue curve represents the absorption spectra
of the dithiol-PZn3 in solution. (c) & (d) are Gaussian peak fits of the 32nm sample
before and after attaching the dithiol-PZn3.
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As reviewed in Section 2.2.4., the optical absorption due to the plasmons in gold
nanoparticles depends on the particle size and the coupling between particles. Figure
4.25 shows the optical absorption for the AuNP arrays before and after functionalization
with dithiol-PZn3. Figure 4.25(a) is the UV-Vis spectra of the 46nm, 32nm, and 16nm
samples seen in Figure 4.1(a-c). The primary plasmon peak near 550nm and the particle
coupling absorption peak centered at 700nm both broaden and shift to longer
wavelengths as the particle size increases, as expected. Figure 4.25(b) is the UV-Vis
spectra of only the 32nm sample, where the dotted line represents the AuNP’s before
attaching the dithiol-PZn3 and the solid line denotes after linking the AuNP array.
Comparing the UV-Vis spectra in Figure 4.25(c) & (d) shows that both the primary
plasmon peak and coupling peak broaden and shift to lower wavelengths with the
attachment of the dithiol-PZn3, and a peak located at 450 nm appears after the
dithiol−PZn3 is linked to the gold nanoparticles and indicates the successful attachment of
the porphyrin complex to the nanoparticles. This is more easily seen by comparing the
UV-Vis spectrum to the overlaid absorption spectra of the trimer molecule. For these
arrays, a contribution to the conduction from a plasmon-induced interaction could thus
occur for illumination with red and green light, but not with blue light.

Figure 4.26 compares the current enhancements for 4 different AuNP arrays linked with
monomers that exhibited near-linear conductivity behavior. The figure shows current
enhancements at temperatures below the transition to metallic-like transport as seen in
Section 4.4.2. The inserts show the current enhancements at room temperature, which
exhibits metallic-like transport. Figure (a -c) are AuNP arrays with bi-modal
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distributions of 40/30nm, 40/15nm & 40nm/30nm, respectively, while Figure (d) is a
AuNP array with 40nm nanoparticles. The figure illustrates that the current upon
illumination with blue light (ΔIBlue) generally shows a larger increase in current than
illumination with green or red light (ΔIGreen or ΔIRed). Although ΔIBlue exhibits the largest
increase in current, current enhancements (ΔIGreen or ΔIRed) due to illumination with green
and red is found to vary from sample to sample. Figure 4.27(a-d) shows the current
enhancements represented in Figure 4.26(a-d), respectively, as a function of photon flux
at various temperatures. The inserts show the photon flux corrected for the absorption
coefficient at the relevant wavelengths.

Figure 4.26 – Comparison of current enhancement for 4 different AuNP arrays linked
with monomers that exhibit near-linear conductivity behavior. The figure show current
enhancements at temperatures below the transition to metallic-like transport. The inserts
show the current enhancements at room temperature, which exhibits metallic-like
transport.
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Figure 4.27 - Current enhancements represented in Figure 4.26(a-d), respectively, as a
function of photon flux at various temperatures. The inserts show the photon flux
corrected for the absorption coefficient at the relevant wavelength.

Figure 4.28 (a-d) shows the logarithm of the conductance as a function of the inverse
temperature of the data represented in Figure 4.26(a-d), respectively. The Arrhenius
plots show very small changes in the apparent activation energies as a result of
illumination with all wavelengths of light. The inserts in Figure 4.26(a-d) show
dln(I)/dV of the data represented in Figure 4.26(a-d), respectively, as a function of
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temperature. The plots show that illumination with red, green, and blue light changes
dln(I)/dV .

Figure 4.28 - Logarithm of the conductance as a function of the inverse temperature of
the data represented in Figure 4.26(a-d), respectively. The inserts show dln(I)/dV of the
data represented in Figure 4.26(a-d), respectively, as a function of temperature.

Figure 4.29 is a comparison of the UV-Vis spectra for the AuNP arrays represented in
Figure 4.26. The blue, dark cyan, black, and red lines are the UV-Vis spectra of the
samples represented in Figure 4.26 (a -d), respectively. The insert in the figure shows
one of the Gaussian curve fits as described in Section 3.6.2.
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Figure 4.29 - Comparison of the UV-Vis spectra for the AuNP arrays represented in
Figure 4.26. The blue, dark cyan, black, and red lines are the UV-Vis spectra of the
samples represented in Figure 4.26 (a -d), respectively. The insert in the figure shows
one of the Gaussian curve fits as described in Section 3.6.2.

Figure 4.30(a-d) compares the current enhancements for 4 different AuNP arrays linked
with trimers (a & b), dimers, and monomers, respectively. The figure shows current
enhancements at temperatures that exhibited activated transport. The inserts show the
current enhancements at room temperature, which varied from sample to sample and
exhibited activated to metallic-like transport. Figure (a -d) were AuNP arrays with bimodal distributions of 40/15nm. The figure illustrates that the current upon illumination
with blue light (ΔIBlue) generally shows a larger increase in current than illumination with
green or red light (ΔIGreen or ΔIRed). Although ΔIBlue exhibits the largest increase in
current in general, an increase in current due to illumination with green and red light is
found to have larger increases with AuNP arrays linked with dimers and trimer,
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especially at room temperature. Figure 4.31(a-d) shows the current enhancements
represented in Figure 4.30(a-d), respectively, as a function of photon flux at various
temperatures. The inserts show the photon flux corrected for the absorption coefficient at
the relevant wavelength.

Figure 4.30 – Comparison of current enhancement for 4 different AuNP arrays linked
with trimers (a & b), dimers (c), and monomers (d). The figure shows current
enhancements at temperatures that exhibit activated transport. The inserts show the
current enhancements at room temperature, which were variable from sample to sample
and exhibited activated to metallic-like transport.
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Figure 4.31 - Current enhancements represented in Figure 4.30(a-d), respectively, as a
function of photon flux at various temperatures. The inserts show the photon flux
corrected for the absorption coefficient at the relevant wavelength.

Figure 4.32 (a-d) shows the logarithm of the conductance as a function of the inverse
temperature of the data represented in Figure 4.30(a-d), respectively. The Arrhenius
plots show very small changes in the apparent activation energies as a result of
illumination with all wavelengths of light. The inserts in Figure 4.32 (a-d) show
dln(I)/dV of the data represented in Figure 4.30(a-d), respectively, as a function of
temperature. The plots show that illumination with red, green, and blue light has an
effect on dln(I)/dV. Unlike the case with monomers shown above, illumination with red,
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green and blue light on AuNP arrays linked with trimer and dimer molecules can have
different effects on dln(I)/dV..

Figure 4.32 - Logarithm of the conductance as a function of the inverse temperature of
the data represented in Figure 4.30(a-d), respectively. The inserts show dln(I)/dV of the
data represented in Figure 4.26(a-d), respectively, as a function of temperature.

Figure 4.33 is a comparison of the UV-Vis spectra for the AuNP arrays represented in
Figure 4.30. The red, blue, black, and dark cyan are the UV-Vis spectra of the samples
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represented in Figure 4.30 (a -d), respectively. The insert in the figure shows one of the
Gaussian curve fits as described in Section 3.6.2.

Figure 4.33 - Comparison of the UV-Vis spectra for the AuNP arrays represented in
Figure 4.30. The red, blue, black, and dark cyan are the UV-Vis spectra of the samples
represented in Figure 4.30 (a -d), respectively. The insert in the figure shows one of the
Gaussian curve fits as described in Section 3.6.2.

4.6.

Mechanisms of photoconduction

The analysis of photoconductance shows that the current enhancement results from
multiple mechanisms. The parameters that dictate the ultimate magnitude of the current
enhancement are the attached molecule, interfacial barriers, and optical coupling between
nanoparticles. The current enhancement in some AuNP arrays exhibit anomalously high
currents due to illumination with green and red light in relation to blue if the molecular
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photoconductivity was assumed to be proportional to the absorption extinction
coefficients at the relevant wavelengths. In order to understand this discrepancy, a new
phenomena referred to as plasmon enhanced photoconduction is put forth to describe the
behavior. To further illustrate the interaction of light with the AuNP arrays, a parameter
E, the enhancement factor, is introduced that quantifies the plasmon enhanced electrical
conduction. The enhancement factor is defined as E=ΔIλ/ΔIblue, where ΔIλ is the increase
in the current as defined in Section 4.6 at wavelength λ (where λ=red, green, or blue). As
an illustration, for the case of the 32 nm AuNP-based device in Figure 4.21(a) at 1 V and
278 K, E = 1 for blue light since no plasmon effect can contribute to the current based on
the previous argument. Thus, an enhancement factor of 1 corresponds to conventional
photocurrent, where conventional photocurrent is that occurring in the absence of any
plasmon fields. A large E therefore quantifies the effect of plasmon interaction. The
conventional photocurrent should therefore be directly proportional to the absorption
oscillator strength at 405 nm in Figure 2.15. The photocurrent for red and green
illumination should be smaller by a factor of approximately 4 or 8, since the absorption at
those wavelengths is much less intense.

Instead, Figure 4.21(a) shows that the green light induced current is smaller only by a
factor of 2 and the red light induced current is much larger than that induced with blue
light. Over the measured temperature range, E varies from -0.2 to -2.1 for green light,
and from 2.1 to 5.1 for red light. Such enhancement factors are much higher than those
reported recently in alkane-linked AuNP arrays which show a bolometric enhancement of
the current conduction that derives from surface plasmon excitation.[40] If Arrhenius
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activated processes are the dominate conduction mechanism, then based on the 5meV
activation energy, an unrealistically high temperature of approximately 1875K would be
required to account for the observed enhanced conductivity. Thus, these enhancements
cannot be related purely to thermal effects.

The energies of relevance to transport for AuNP arrays exhibiting near-linear
conductance, the highest occupied (HOMO) and the lowest unoccupied (LUMO)
molecular orbitals are illustrated in Figure 4.34. The Fermi level of the nanoparticles is
0.415eV below the middle of the HOMO-LUMO gap of the dithiol-PZn3.[102] The
sulfur-gold bond at the interface plays a significant role in fixing the height of the barrier
to transport, and although some electron localization at this interface is inevitable, it is
assumed that the barrier height does not change appreciably. The PZn3 π-system within
the linker molecule is however completely delocalized and presents a near barrier less
path for charge transport.[106] Upon application of a bias, hole mediated tunneling
occurs as shown in Figure 4.34(a). Under illumination three possible mechanisms can
be proposed to explain the current enhancements. The first and most oblivious is direct
exciton formation in molecule that is a function of the absorption cross-section and
incident photo flux. The other two mechanisms are hot electrons from the excitation of
surface plasmons and/or a field effect (optical annanna) from surface plasmons.

The schematic in Figure 4.34 illustrates the possible mechanisms for current
enhancement with trimer molecules linked to the AuNP array. Illumination with blue
light results in conventional photoconductivity, as illustrated in Figure 4.34(b). Optical
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absorption creates an exciton and the positive and negative charge carriers are separated
in the electric field, contributing to the current. Absorption at 3.07eV produces an
electron-hole pair; which initially is excited to a higher state that relaxes to a lower
energy exciton within femtoseconds, where it can contribute to the current.[103] The
increase in current is correlated with the number of carriers and consequently to the
photon flux, absorption efficiencies, and the excited state lifetime. In the case where the
incident radiation can excite the surface plasmons of the AuNPs, and the nanoparticles
are optimally coupled, a large electromagnetic field is produced between the particles.
As shown in Figure 4.34(c), the surface plasmons can contribute to the current
enhancement through either hot electrons or a field effect, where particles act as an
optical antennae and focus the light into the small region between the particles.[107] The
size, shape, and separation can be tailored to engineer the region of focused light. This
focusing effect has the consequence of increasing the photon flux at the molecular
junction. When the size, shape, and separation of the particles are optimized to produce a
“resonant” optical antennae, enhancement factors as high as 104 result.[108]

The case of AuNP arrays linked with monomer molecules provides a model system to
understand the current enhancements throughout all the studied systems. This is due to
the absorption characteristics of the monomer, which has a single absorption peak
centered at approximately 425nm, as seen in Figure 2.15. This implies that if the current
enhancement is due only to direct exciton formation in the molecule, then only a small
band of wavelengths should result in current enhancements. Examination of the current
enhancements for the near- linear conductance behavior seen in Figures 4.26 & 4.27
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reveals a range of wavelength dependent enhancement factors for the AuNP arrays linked
with monomer molecules. Figure 4.26(a) & (b) exhibit larger current enhancements
with blue illumination by a factor of 1.25 to 2 over red and green enhancements, while (c)
& (d) exhibit larger blue current enhancements by a factor of 2.5 to 3.75 over red and
green enhancements. The current enhancements as a function of photon flux shows that
(a) & (b) have a more linear relationship compared to (c) & (d). This implies that the
photoconduction in (c) & (d) is the result of absorption of a photon in the molecule which
creates an electron-hole pair which contributes to the conductance, whereas (a) & (b)
have comparatively large red and green current enhancements.

Figure 4.34 - The highest occupied (HOMO) and the lowest unoccupied (LUMO)
molecular orbitals are illustrated, where the Fermi level of the nanoparticles is 0.415eV
below the middle of the HOMO-LUMO gap of the dithiol-PZn3. (a) upon application of
a bias, hole mediated tunneling occurs. (b) illumination with blue light results in
conventional photoconductivity. (c) the incident radiation excites the surface plasmons,
and the nanoparticles are optimally coupled, a large electromagnetic field is produced
between the particles and the particles act as an optical antennae and focus the light into
the small region between the particles.
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The resulting effects of illumination on the electronic behavior, as seen in Figure 4.28,
shows no appreciable change in the apparent barrier height to explain the differences in
the current enhancements for illumination with red or green light. Comparison of the
UV-Vis spectra in Figure 4.29 provides some insight into the observed variations in the
current enhancements. Figure 4.29 shows that the arrays exhibiting the larger red and
green current enhancements in Figure 4.26(a) & (b) have a larger absorption maximum
centered around 650nm then the arrays that exhibit the larger comparative blue current
enhancements in Figure 4.26(c) & (d). This can be more clearly seen in the insert, where
the Gaussian peak fit of the data show a clear increase in the magnitude of the peak
located where the coupling peak would be for optimally coupled AuNP arrays. This
indicates that the anomalously large red and green current enhancements are the result of
plasmonic interactions between the AuNPs. Furthermore, due to the fact that there is
minimal absorbance in the molecule at these wavelengths, the current enhancements are
most likely due to hot electrons excited from surface plasmons.

The comparison of the current enhancement in Figure 4.30with AuNP arrays linked with
trimer and dimer molecules that exhibit near-linear conductance behavior show a more
complex behavior. As in the previous case, the data exhibits a wide range of wavelength
dependent current enhancements. Examining the current enhancements as a function of
photon flux in Figure 4.31, again show that the more linear the relationship, the larger
the current enhancements for red and green illumination compared to that of blue light.
The apparent barrier heights obtained from the Arrhenius plots in Figure 4.32 do not
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show that illumination with light appreciably changes the electronic structure.
Comparison of the optical spectra does not provide the same clarity as the previous
example with the monomers. The variability in the current enhancements may still be
due to the coupling peak observed in the UV-Vis spectra in Figure 4.33. The anomalous
current enhancements for red and green in Figure 4.30 do not scale with the magnitude
of the coupling peak (insert of Figure 4.33) as in the previous case. This may be due to
several factors, the first being that although the coupling peak is present in the spectra,
when examining the overall UV-Vis spectra, the coupling peaks are nominal compared to
the previous case. The second consideration is that the field effect (optical antenna)
produced by excitation of the surface plasmons can no longer be ignored since the
molecules now absorb at the excitation wavelengths. While the current enhancement due
to illumination with blue light can still be attributed to direct exciton formation in the
molecule, illumination with green and red light is a combination of hot electrons and the
field effect as a result of the excitation of surface plasmons.

In the case of the AuNP array with non-linear conductance behavior, Figure 4.21 shows
an anomalously large current enhancement for illumination with red light across the
whole temperature range. The Fowler-Nordheim plots in Figure 4.22 show that the
barrier height is increased by 0.33eV for illumination with red light, while illumination
with green and blue light exhibits nominal effects on the barrier height. The temperature
dependent conductivity data in Figure 4.23 shows that at low and high biases,
illumination with red light lowers the apparent barrier height more than illumination with
green or blue light. The UV-Vis spectrum shows a very large coupling peak as compared
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to any of the samples exhibiting near-linear conductance behavior. Figure 4.25 show the
coupling peak is very broad and is located at ~700nm , which red shifts by ~100nm and
broadens after attachment of the molecule. This may indicate coupling to the IR peak of
the trimer molecule, which can be seen in the absorption spectrum in Figure 4.25(b).

As in the case with the near-linear conductance behavior above, assuming that the
particles are close enough that the light excites the plasmon resonance, then the
anomalously high current enhancement should be the result of plasmonic interactions
with the molecule. Unlike the case with the near-linear conductance behavior, the data
indicates an extra barrier to transport at the interface and illumination with light effects
the electronic structure. As in the previous case, illumination with green light exhibits
higher current enhancement then would be expected if absorption only occurred through
only direct exciton formation in the molecule. The current enhancement for green is
similar in magnitude to the near-linear case above and the voltage and temperature
dependence show that illumination with green and blue have nominal effects on the
electronic structure. In contrast, illumination with red light has a large effect on the
electronic structure when examining the voltage and temperature dependence. The
discrepancy in the voltage and temperature dependent data may arise from the fact that
two charge transport mechanisms are co-existing. The temperature dependence indicates
that there is a larger decrease in the potential barrier with illumination with red light in
comparison with blue or green light. The observation that the barrier increases with red
illumination in the data of the Fowler-Nordheim plots may arise from the fact that the
Fowler-Nordheim plots assume that the transition is from direct tunneling to field
125

emission. With co-existing mechanisms, this assumption is no longer valid and the
increase in the apparent barrier height may be a result of excitations to higher levels due
to plamonic interactions between the particles and the transport being dominated by
another mechanism.

The results show that the photoconduction can be controlled by varying the porphyrin
molecule and through the coupling to the AuNP surface plasmons. To generalize this
process, the nanoparticle arrays can be designed to sharpen and/or shift the plasmon
resonance, while the molecules can be designed to control the absorption wavelength,
oscillator strength, and the nature of the exciton on and polaron states.
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5.

Properties of hybrid AuNP nanostructures on PZT

5.1.

Introduction

The previous chapter determined the transport mechanisms in hybrid porphyrin-AuNP
assemblies on glass. The results demonstrated that multiple transport mechanisms occur
simultaneously and a complex relationship between the plasmon resonance of the
assemblies and the photoconductance occurs. This provides a basis on which to examine
the properties of hybrid assembles on ferroelectric substrates. Due to the materials
properties of underlying substrate, many of the assumptions for the glass case do not hold
and, hence, need to be factored into the discussion of the charge transport and
photoconduction. The elements of the test platform that need to be considered include
the electric field created by the underlying ferroelectric domains, the substrates effect on
the effective dielectric constant of the medium (and hence the plasmon resonance), and
potential substrate effect on the charge transport through the nanoparticles themselves.

Although the previous section employed the use of a bimodal distribution of AuNP to
understand the effects on transport and in hopes of manipulating the plasmon resonance,
the understanding of the effects of a distribution of particles sizes will be very useful
when it comes to understanding the transport through the AuNP on PZT. Unlike
depositing colloidal AuNP (in which size and distribution can be controlled to the
angstrom scale through processing variables and centrifugation), the size and distribution
that result from nucleation and growth of metal nanoparticles on a ferroelectric substrate
is unknown. Understanding how to control the deposition on ferroelectric surfaces and
characterizing the particle size and distribution to then compare charge transport and
127

photoconduction in similar model systems on glass will provide a basis to discuss the
possible effects of the ferroelectric substrate on the photo response. In this chapter will
determine the parameters that control the nucleation and growth of AuNPs on a
ferroelectric surface. The size, density, and distribution will be characterized through
which the growth mechanisms were determined. It will further be shown that utilizing
FNL to selectively deposit AuNP arrays, that hybrid device structures can be realized.

5.2.

Kinetics of photoreduction reactions on PZT

Domain specific photo-reduction on ferroelectric surfaces has been demonstrated by
Bonnell and others[57, 61, 66, 109] but the control of the size, density and spacing for
device applications has yet to be shown. In order to isolate the relevant factors, the photo
reduction reaction of two different gold chloride metal salts on P(Zr0.3Ti0.7)O3 are studied.
The effect of polarization orientation was determined by comparison of reactions on
regions that were upwardly and downwardly poled with respect to the surface. The effect
of polarization magnitude was determined by comparison of substrates with two textures:
(100) and (111), where the PZT texture was a result of the orientation of the underlying
Pt layer. Band pass and short pass filters were used to control the wavelength and
exposure time was used to vary the incident photon flux.

150nm lead zirconate titanate (PZT) film with an underlying platinum (Pt) layer were
used with a grain size of approximately100-150nm, and minimum domain size of 100nm.
Polarization hysteresis curves determined a coercive voltage of ±1.7V for the Zr/Ti ratio
of 30/70. A conductive AFM tip was biased with ±10V with respect to the grounded Pt
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layer to reorient the dipoles upwardly or downwardly with respect to the surface. Figure
5.1 compares the topographic structure (left image) and the resulting surface potential
after ferroelectric domains have been selectively reoriented (right image). The
topographic structure consists of 100-200nm sized grains with 4.5nm RMS roughness.
The contrast in the surface potential image ranges from 166mV to -112mV and is
essentially bimodal with the width of the dark contrast lines of approximately 400nm.
Figure 5.2 relates the surface potential image, shown in Figure 5.1, with the underlying
polarization vector direction. In addition to emphasizing the patterning aspect of the
process, the simultaneous analysis of two adjacent orientations hold variables such as
oxygen vacancies, atomic termination, and chemical environment constant.

Figure 5.1 – Comparison of the topographic structure (left image) and the resulting
surface potential after ferroelectric domains have been selectively reoriented (right
image). The topographic structure consists of 100-200nm sized grains with 4.5nm RMS
roughness. The contrast in the surface potential image ranges from 166mV to -112mV
and is essentially bimodal with the width of the dark contrast lines of approximately
400nm.
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Figure 5.2 – Relationship between the domain orientation direction and the surface
potential image seen in Figure 5.1.

Figure 5.3 compares the topographic structure (left image) and the piezo-force
microscopy (PFM) image (right image), in which the contrast in the piezo-force phase
image directly measures the direction of the out-of-plane vector component. The contrast
in the piezo-force image is basically bimodal with a 180o difference in the contrast. PFM
is used to confirm that the difference in the surface potential image is the result of the
reorientation of the underlying domains, and not the modification of the surface due to
injection of charge and/or oxidation of the surface. Note that the surface topography
exhibits a RMS roughness on the order of 3-5nm but is not reflected in the surface
potential or piezo-force variations. This indicts that neither image (SSPM & PFM) is a
topographic artifact, and an accurate measure of both the surface potential and piezoforce variations.
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Figure 5.3 – Comparison of the topographic structure (left image) and the piezo-force
microscopy (PFM) image (right image) after polarization patterning. The contrast in the
piezo-force phase image directly measures the direction of the out-of-plane vector
component.

When the patterned substrates are immersed in an aqueous gold salt solution and exposed
to sub-UV light, photoreduction occurs. The following three metal-salts; AgNO3,
HAuCl4, and NH4AuCl4, will be compared to determine the growth mechanisms on PZT
and to fabricate hybrid device structures. The reactants in the photo-reduction reaction
are as follows:

131

The reduction potentials of these metal salts in relation to the SHE and the band structure
of PZT can be seen in Figure 2.24. Note that for the gold salts that the metal is reduced
from a negative ion, while silver is reduced from a positive ion. This means that the gold
ions can participate in the Stern layer (as described in Section 1.4.5.), while electrons will
need to tunnel through the Stern layer to interact with the silver ions.[70, 110] The
reduction reaction occurs over the positively poled domains, at which the electrons face
no energy barrier from the conduction band. The reaction kinetics then depend on the
electrolyte solution (metal salt and concentration), ferroelectric substrate (composition,
vector orientation, and surface termination), and incident light (energy, photon flux).
This study will focus on the deposition of gold nanoparticles on PZT.

5.2.1. PZT (111) textured substrates
The concentration of AuCl4- was varied from 1µM to 10mM and the incident power was
varied from 0.6mW to 77W. At high concentration (10mM-100mM) and short exposure
times (1-15min), the reaction on the positive domains is much faster than that on the
negative domains. In this regime, as seen in Figure 5.4, the domain shows excellent
selectively. Figure 5.4(a) shows gold nanoparticles deposited on (111) textured
P(Zr0.3Ti0.7)O3 immersed in a 9mM HAuCl4 solution. The substrate was then illuminated
with broad band light from an arc lamp filtered through a 270nm band pass filter for 5
min., while Figure 5.4(b) was illuminated with broad band light filtered through a 450nm
short pass filter for 10min.
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Figure 5.4 – (a) & (b) show gold nanoparticle deposition structures on (111) textured
Pb(Zr0.3Ti0.7)O3 substrates which were immersed in a 9mM HAuCl4 solution. (a) was
exposed for 5 minutes through a 270nm band pass filter, (b) was exposed through a
450nm short pass filter for 10 minutes.

The SEM micrographs demonstrate the ability to empirically control the size and density
of the metal nanoparticles. The conditions used for the sample in Figure 5.4(a) exhibits
much smaller particles and spacing than those used for the sample in Figure 5.4(b), the
difference was achieved by varying only two deposition parameters (time and photon
flux). The difference in particle density due to the larger photon flux is evident in a
comparison of Figure (a) & (b). These initial results demonstrate the ability to create
similar AuNP assemblies to the systems on glass, which means that the electrical and
optical responses of the system can be manipulated to tune the photoconduction. It is
difficult to access an extended reaction coordinate from deposition conditions seen in
Figure 5.4 but low concentrations (1µM-10mM) and long exposure times (30-120min)
allow the reaction rates to be quantified. Table 5.3 is a summary of all the deposition
parameters that were varied to determine the growth mechanisms.
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Arc lamp with 200W Hg(Xe) bulb
Substrate

Metal salt
No filter

450nm
short pass

270nm
band pass

250nm
band pass

214nm
band pass

HAuCl4

5-30min

30-60min

30-60min

30-60min

30-60min

NH3AuCl4

5-30min

30-60min

30-60min

30-60min

30-60min

HAuCl4

5-30min

30-60min

30-60min

30-60min

30-60min

NH3AuCl4

5-30min

30-60min

30-60min

30-60min

30-60min

PZT (111)

PZT (100)

Table 5.1 –Deposition parameters varied to determine the growth mechanism.

The following section will compare the dependence of particle size and coverage on
polarization orientation and metal salt on (111) textured PZT. Figure 5.5 shows SEM
micrographs of four different deposition conditions. Figure 5.5(a) & (b) compares the
deposition of AuNPs from a 0.7mM solution of HAuCl4 employing a 270nm band pass
filter for 30 and 60 minutes, respectively. Figure 5.5(c) & (d) compares the deposition
of AuNPs from a 0.7mM solution of NH3AuCl4 employing a 270nm bandpass filter for
30 and 60 minutes, respectively. Figures 5.6 and 5.7 compare the dependence of particle
morphology and distribution on polarization orientation and metal salt. The figures
compare the coverage of gold nanoparticles deposited on (111) textured PZT, holding
concentration constant for both the HAuCl4 (Figure 5.6) and NH4AuCl4 (Figure 5.7)
solution at 0.7mM and constant optical intensity of 1.5*1015photons/sec.
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Figure 5.5- (a - d) show gold nanoparticle deposition structures on (111) textured
Pb(Zr0.3Ti0.7)O3 substrates. (a) & (b) were immersed in a 0.7mM HAuCl4 solution, while
c) and d) were immersed in a 0.7mM NH3AuCl4 solution. (a) & (c) were exposed for 30
minutes through a 270nm band pass filter, while (b) & (d) were exposed through a 270nm
band pass filter for 60 minutes.
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Figure 5.6 – Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of HAuCl4 exposed through a 270nm
band pass filter on (111) textured PZT.

Figure 5.7 – Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of NH3AuCl4 exposed through a
270nm band pass filter on (111) textured PZT.
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Figure 5.8 – Sizes and distributions of gold nanoparticles deposited under various
conditions. (a) & (b) are histograms of particle sizes on up and down domains form the
30 and 60 minute deposition conditions corresponding to Figure 5.6. (c) & (d) are
histograms of particle sizes for the 30 and 60 minute deposition conditions in Figure 5.7.

The most notable result is that the coverage is much lower on the negative domains than
on the positive domains. The areal coverage is close to 0% in most cases and does not
exceed 7%. Also as expected, the coverage increases with increasing incident photon
flux for both the up and down domains and for all metal salts. Interestingly, the reduction
from the NH4AuCl4 has a higher coverage than that from the HAuCl4. Figure 5.8(a – d)
quantifies the size distributions of gold nanoparticles that result on up and down domains
seen in Figure 5.5(a – d), respectively. Particles on the up domains are consistently
smaller compared to particles on the down domains. As seen in Figure 5.8(a) & (b),
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particle reduced from HAuCl4 on the up domains produce 85nm and 102nm diameter
particles, respectively, while the down domains produce 125nm and 134nm diameter
particles, respectively. The size of the particles does not change consistently with the
degree of the reaction. In other words, the particle size remains the same, within the
distribution, as the reaction continues. Examining Figure 5.8(c) & (d) shows that this
trend is observed for AuNPs reduced from NH3AuCl4. Another result from Figures 5.6,
5.7, & 5.8 is that the size of the nanoparticles does not appear to be dependent on which
metal salt the nanoparticles are reduced from. This means that the increase in surface
coverages seen in Figures 5.6 & 5.7 are only the result of an increase in particle density
on the surface.

5.2.2. PZT (100) textured substrates
The effect of the magnitude of the underlying ferroelectric domain was examined
utilizing a (100) textured PZT substrate. The SEM micrographs in Figure 5.9 illustrate
the same four different deposition conditions as those seen in Figure 5.5, except the
substrate was (100) textured PZT. Figure 5.9(a) & (b) compare the deposition of AuNPs
from a 0.7mM solution of HAuCl4 employing a 270nm band pass filter for 30 and 60
minutes, respectively. Figure 5.9(c) & (d) compare the deposition of AuNPs from a
0.7mM solution of NH3AuCl4 employing a 270nm band pass filter for 30 and 60 minutes,
respectively. Figures 5.10 and 5.11 compare the dependence of particle morphology and
distribution on polarization orientation and holding concentration constant for both the
HAuCl4 (Figure 5.10) and NH4AuCl4 (Figure 5.11) solution at 0.7mM and constant
optical intensity of 1.5*1015photons/sec. The results exhibit similar trends as the prior
138

case with (111) textured PZT. The coverage is much lower on the negative domains than
on the positive domains with the areal coverage is close to 0% in most cases and does not
exceed 12%. Once again, the coverage increases with increasing incident photon flux for
both the up and down domains and for all metal salts, and the reduction from the
NH4AuCl4 has a higher coverage than that from the HAuCl4

Figure 5.9 – (a - d) show gold nanoparticle deposition structures on (100) textured
Pb(Zr0.3Ti0.7)O3 substrates. (a) & (b) were immersed in a 0.7mM HAuCl4 solution, while
c) and d) were immersed in a 0.7mM NH3AuCl4 solution. (a) & (c) were exposed for 30
minutes through a 270nm band pass filter, while (b) & (d) were exposed through a 270nm
band pass filter for 60 minutes.
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Figure 5.10 – Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of HAuCl4 exposed through a 270nm
band pass filter on (100) textured PZT.

Figure 5.11- Comparison of the areal coverage on positive (up) and negative (down)
domains at 30 and 60 minutes for 0.7mM solutions of NH3AuCl4 exposed through a
270nm band pass filter on (100) textured PZT.
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Figure 5.12 – Comparison of the areal coverage on positive (up) domains for (111) and
(100) textured PZT at 30 and 60 minutes for 0.7mM solutions of HAuCl4 exposed
through a 270nm band pass filter.

Figure 5.13 – Comparison of the areal coverage on positive (up) domains for (111) and
(100) textured PZT at 30 and 60 minutes for 0.7mM solutions of NH3AuCl4 exposed
through a 270nm band pass filter.
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Figures 5.12 & 5.13 compare the areal coverage on the up domains for both metal salts
on the (111) and (100) textured PZT. Figure 5.12 shows that the deposition reaction for
HAuCl4 is faster on the (100) textured surface compared to the (111) textured surface,
and Figure 5.13 shows similar trends for NH3AuCl4.

5.3.

Effects of optical power on photoreduction

The nucleation and growth of the metal nanoparticles is not dependent only on the
surface interactions. With the exposure to broad band light from an arc lamp source, the
deposition can result in the various structures illustrated in Figure 5.14, which compares
the dependence of particle morphology and distribution on polarization orientation on
(111) textured Pb(Zr0.3Ti0.7)O3 substrates. Figure 5.14(a), (c) & (e) were immersed in a
0.7mM HAuCl4 solution, while Figure 5.14(b), (d) & (f) were immersed in a 0.7mM
NH3AuCl4 solution. (a), (c) & (e) were exposed for 10, 20 and 30 minutes, respectively,
by an arc lamp with no optical filter, while (b), (d) & (f) were exposed for 10, 20 and 30
minutes, respectively, by an arc lamp with no optical filter. As with the previous
examples, the coverage is much lower on the negative domains than on the positive
domains. The coverage increases with increasing photon flux but the particle size grows
as well. Increasing photon flux, as seen in comparing Figure 5.14(a), (c) & (e), results in
an increase in particle density followed by an agglomeration and increase in particle size.
The resulting particles can greatly deviate from the spherical particles that dominate the
deposition in previous examples.
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Figure 5.14 – (a - f) show gold nanoparticle deposition structures on (111) textured
Pb(Zr0.3Ti0.7)O3 substrates. (a), (c) & (e) were immersed in a 0.7mM HAuCl4 solution,
while (b), (d) & (f) were immersed in a 0.7mM NH3AuCl4 solution. (a), (c) & (e) were
exposed for 10, 20 and 30 minutes, respectively, by an arc lamp with no optical filter,
while (b), (d) and (f) were exposed for 10, 20 and 30 minutes, respectively, by an arc
lamp with no optical filter.
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In the following section, the discussion of growth mechanisms will be confined to the
nucleation limited case. Although understanding that the growth of nanoparticles can be
manipulated to fabricate various shapes and densities would be useful for possible AuNP
arrays in hybrid device structures.

5.4.

Deposition mechanism

The effects of the integrated photon flux on the density and areal density are illustrated in
Figures 5.15 and 5.16, which compares reactions with 4 different exposure conditions at
30min and 60min with band pass filters of 250nm ±1nm and 270nm ±1nm which
correspond to energies of 4.96eV and 4.59eV, respectively. Even with variations due to
processing conditions and other factors, the bandgap of PZT is generally accepted to be
between 3.2-3.7eV. This means that the incident energies are at least 0.9eV greater than
the bandgap and provide the super band gap energy that has been shown to be required to
drive photo-reduction at the surface.[75, 111] Figures 4.15 and 4.16 show that both the
density and coverage increase continuously with total photon flux and that NH4AuCl4
exhibits a 2-3 fold faster reaction rate than does the HAuCl4 on the (111) textured
surface, consistent with the data in Figures 5.6 and 5.7.
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Figure 5.15 – Comparison of the number density of HAuCl4 and NH3AuCl4 based
reactions on (111) textured PZT. The lines represent fitting to a simple nucleation theory.

Figure 5.16 – Comparison of the areal density of HAuCl4 and NH3AuCl4 based reactions
on (111) textured PZT. The lines represent fitting to a simple nucleation theory.

Figure 5.17 shows that the deposition rate on the (100) textured surface is faster than on
the (111) textured surface. The compositional ratio of Zr to Ti in the PZT is (30/70) so
both surfaces are tetragonal and the substrate orientation dependence can be understood
with reference to Figure 5.16. On the (100) surface, the polarization vector is
perpendicular to the surface, while the vector direction for the (111) surface is inclined
with respect to the surface. The resulting component of the vector normal to the surface
on the (111) surface is approximately 70% of that of the (100) surface. This variation in
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the polarization magnitude affects the related charge at the surface and hence the band
bending is less for the (111) surface compared to the (100) surface.

Figure 5.17 - Comparison the number density of gold nanoparticles deposited from a
solution of HAuCl4 through a 270nm band pass filter on (111) and (100) textured PZT
substrates. The lines represent fitting to a simple nucleation theory.

The lines in Figures 5.15 - 5.17 represent fitting to a simple nucleation theory[112],
where the density is of the form seen in Equation (29), where do is the total density of
particles, and α is the first order nucleation rate constant. This description assumes that
the particles do not interact and the density is only a function of the ratio of unoccupied
to occupied sites on the surface.

(29)

In the low concentration regime, the metal particle coverage increases while the particle
size does not change systematically with reaction time. Furthermore, the particle size
varies over a relatively small range (85nm-110nm) with narrow size distribution
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(±10nm); whereas, the coverage increases from 0 to 40% over the measured illumination
period. This implies that the growth rate of the particles is high, there is a limit on the
size of the particles, and the increasing coverage reflects the nucleation rate. The reaction
processes are illustrated schematically in Figure 5.18. The substrate with positive
polarization has the electronic structure favorable for photo-reduction. The surface
terminates with a positive charge, so a compensating Stern layer is present in the solution
adjacent to the surface. Negatively charged tetrachlorauate {AuCl4-} can participate in
the Stern layer, rather than be a barrier as would occur with a positive ion.[70, 110] With
initial illumination, the electrons migrate to the surface, react with the gold ions and
produce a small metal cluster. When the cluster becomes sufficiently large to exhibit the
continuum properties of the metal, an interface is formed and an interfacial barrier
develops. Subsequent reaction requires that an electron from the bulk tunnel across the
depletion region caused by the interfacial barrier. As the particle grows, the barrier
increases until it reaches the value of a macroscopic interface. Liang et al has shown that
the interface barrier at a metal-oxide interface is size dependent over the range of 1nm to
100nm, depending on the properties of the constituents.[113] As some point during the
particle growth, the interfacial barrier and associated depletion width are too large to
allow the electron tunneling and the reaction stops locally. Continued reduction requires
a new nucleation site.
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Figure 5.18 - The reaction process on the surface is illustrated schematically. The
substrate is polarized positively as indicated by the black arrows and results in a positive
surface charge. A compensating cloud of negative ions forms in the solution near the
surface and the AuCl4- can contribute to the compensation. Initial reduction occurs in the
absence of a barrier for electron transfer. As the nanoparticles increase in size, an
interface barrier forms and causes an electron depletion region below the particle,
indicated by the shaded region. The reaction will stop (the nanoparticle will stop
growing) once the interfacial barrier is large enough that the depletion depth is larger than
the tunneling distance.

In a simple model, the interfacial barrier is a function of the work function difference and
the carrier concentration. These two variables are related to the depletion depth, χd that
the electron must navigate as seen in Equation (30), where εs is the permittivity, φi is the
built-in voltage, q is the charge, and Nd is the carrier concentration.[114]

(30)

The work function difference between gold and PZT is approximately 1eV, which
corresponds to a large interfacial barrier at the macroscopic scale but the barrier would be
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smaller for small particles. In this case, the carriers result from the optical absorption by
the substrate, so the number is a function of the photon flux and absorption cross section.
In our reactions, the photon flux is a constant, so when the particle reaches a size at
which the interfacial barrier height and therefore, φi, is such that the depletion depth is
larger than the tunneling distance, the particle stops growing. This suggests that on any
particular substrate, that the particle size can be controlled by changing the photon flux
and the coverage controlled with the time and integrated photon flux. The particle sizes
in the range of 85nm here suggest that the growth stopped before the maximum
interfacial barrier was reached.

Although the dipole induced band bending creates the states that allow photo-chemistry
to occur, it is well known that the pH of the electrolyte solution can affect a
semiconductor surface potential due either to surface adsorption or interaction with the
Stern layers in solution. The redox potential of the electrolyte will line up with the Fermi
level of the ferroelectric. In the case of metals such as Au, Ag or Pt, the redox potential
is negative in relation to the standard hydrogen electrode (SHE), so there is no barrier to
electrons from the ferroelectric into the solution. However, typical potential shifts are in
the range of 0.055V/pH unit[70]. The pH of the HAuCl4 is approximately 0.1pH lower
than that of the NH4AuCl4 at 1.1mM, which is too small to account for the difference in
deposition rate. Furthermore, the fact that the number density and areal coverage rates
are fit well by first order nucleation theory, and the differences between the prefactors are
consistent with the observed constant particle size suggests that differences are associated
with the nucleation process. Since the anion is the same for both systems, the
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coordination of the cations and the consequence to the interaction with the negative
compensation layer in the liquid is the much more likely cause.

5.5.

Wavelength dependent photoconductivity

The control of the size and density of metal nanoparticles now gives us a platform to
create hybrid devices on a ferroelectric substrate by means of linking the deposited metal
nanoparticles with novel molecules with unique optical and electrical properties. This
platform also allows the study of the effects of a different substrate on the optical and
electrical response of the assembly. The particle arrays are once again linked with
photo-active dithiol-terminated meso-to-meso ethyne-bridged tris{porphyrinatoZn(II)}
complex (dithiol-PZn3). The structure of the dithiol-PZn3 linked AuNP assemblies are
shown in the SEM images in Figure 5.19(a) & (b) (Samples 1 and 2).

Figure 5.19 – (a) SEM image of 52nm AuNPs deposited on a PZT surface (b) SEM
image of 25nm AuNPs deposited on a PZT surface.

150

Transport measurements confirm molecular connectivity between Au NPs, as devices
sustain no current before reaction with dithiol-PZn3but are conductive subsequent to the
reaction. Figure 5.20(a) & (b) shows the wavelength dependent conductivities at 300K
of the two PZn3 linked AuNP hybrid assemblies seen in Figure 5.19(a) & (b),
respectively. Illumination with 655nm (red) and 533nm (green) wavelengths of light
result in the differences in the photocurrent in Figure 5.22(c); the green light induced
photo current, ΔIgreen, is 6-14 times higher than the red light induced current ΔIred,.

Figure 5.20 – (a) & (b) show the wavelength dependent conductivities at 300K of the
two PZn3 linked AuNP hybrid assemblies seen in Figure 5.19(a) & (b), respectively. (c)
shows the current enhancements for illumination with 655nm (red) and 533nm (green)
light.
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Figure 5.21 compares the Fowler-Nordheim and dln(I)/dV as a function of voltage for
Sample 1 and 2. Figure 5.21(a) & (c) are Fowler-Nordheim plots and (b) & (d) show
dln(I)/dV as a function of voltage for the data in Figure 5.20(a) & (b), respectively. The
Fowler-Nordheim plots show a transition voltage of approximately 0.9V for Sample 1 &
2. Illumination with red light does not appear to affect the transition voltage, while
illumination with green light results in no apparent transition voltage. The dln(I)/dV as a
function of voltage exhibits no appreciable voltage dependence difference when
illuminated with red or green light.

Figure 5.21- Fowler-Nordheim plots and dln(I)/dV as a function of voltage for Sample 1
and 2. (a) & (c) are Fowler-Nordheim plots and (b) & (d) show dln(I)/dV as a function of
voltage for the data in Figure 5.20(a) & (b), respectively
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As can be seen in the SEM micrographs, the hybrid nanostructure can be realized only if
the nanoparticle separation is a multiple of the length of the molecule, which is 4.6nm for
the trimer. This wavelength dependence in photoconductivity is not expected from the
optical properties of the porphyrin; however, nanoparticle arrays often exhibit plasmonic
properties that are dependent on the material, shape and coupling of the particles and the
dielectric constant of the environment. The AuNP arrays on glass in Chapter 4 showed
that the AuNP’s can enhance photocurrent at wavelengths associated with plasmon
resonances.[115] The effect was attributed to field focusing and increased photon flux at
the junctions. In that case, the photoconduction was significantly enhanced at both red
and green wavelengths.

The differences in these results can be understood in terms of the factors that affect the
plasmon spectrum. The primary (transverse) peak for non-coupled gold nanoparticles is
in the range of 520-580nm.[35] Upon deposition of the particles on glass slides the peak
is red shifted and broadened. When the particle-particle separation is on the order of 1-4
nm (depending on the particle size) the particles are coupled and a second peak
(longitudinal) at 580-670nm develops.[35] One difference between the two studies is
that the dielectric constant of PZT is 2.5 times that of glass. Recently, Ringe et al
reported that an increase in the dielectric of the substrate by a factor of 2 could red shift
the proximal plasmon peaks by ~20 nm[116]. While this effect might alter the magnitude
of the green enhancement, it cannot explain the lack of red enhancement. We note that
both the size and shapes of particles are similar in both cases. The particle sizes in Figure
5.19(a) & (b) are 52 nm and 25 nm, for samples 1 and 2, respectively; while those in
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Figure 4.1(b) are 32nm and the micrographs in both cases show roughly spherical
particles. Therefore the difference in enhancement, i.e. the absence of the red
enhancement in Figure 5.20, is not due to differences in particle size or shape. Since the
red absorption is associated with the longitudinal peak, the absence of red enhancement
implies a lack of coupling between the particles. The lack of coupling indicates that the
particles are separated by more than a single trimer molecular bridge. It has been found
theoretically and experimentally that a separation between particles of (9nm), the length
of a double trimer bridge, is sufficient to reduce or preclude coupling.[35] Therefore, the
photocurrent in this device arises predominantly from the interaction of the transverse
plasmon induced current, further illustrating the potential to create devices with a range
of function.

5.6.

Temperature dependent conductivity

The voltage and temperature dependence was further explored for a sample similar to the
AuNP array seen in Figure 5.19(a). Once again, the transport measurements confirm
molecular connectivity between Au NPs, as devices sustain no current before reaction
with dithiol-PZn3but are conductive subsequent to the reaction. Figure 5.22(a) shows
that conductivity response at 238K and the insert shows that illumination with green light
exhibits a larger current enhancement than illumination with red light at 1V. The FowlerNordheim plot in Figure 5.22(b) shows that the dark current and illumination with red
light have a transition voltage of 2.5eV and illumination with green light shows no
transition voltage. The thermionic emission and Arrhenius plots, Figure 5.22(c) & (d),
respectively, both show that the barrier is unaffected by illumination with red light and
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illumination with green light reduces the barrier to basically zero. The Arrhenius plots
show a reduction in the activation energy from 186meV to 15.6meV for dark &
illumination with red light to illumination with green light, respectively.

Figure 5.22 - (a) wavelength dependent conductivity response and the insert shows that
illumination with green light exhibits a larger current enhancement than illumination with
red light. (b) Fowler-Nordheim plot which shows that the dark current and illumination
with red light have a transition voltage of 2.5V and illumination with green light shows
no transition voltage. (c) & (d) show the data in (a) linearized as ln(I/T2) as a function of
1/kT to distinguish thermionic emission and logarithm of the conductance as a function
of 1/kT, respectively.
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Figure 5.23 - dln(I)/dV as a function of voltage, where (a – d) represent the dln(I)/dV
plots at 78K, 158K, 238K, and 278K, respectively.

Figure 5.23(a-d) shows the dln(I)/dV as a function of voltage for the conductivity data
represented in the insert of Figure 5.22(a). The data shows that illumination with red
light does not appreciable change in the voltage dependence, while illumination with
green light shows a change in the voltage dependence above 1V. Analysis of
conductivity shows similar behavior to that of the non-linear case in Chapter 4. As in
that case, the voltage and temperature dependencies indicate multiple charge transport
mechanism are present and the effect of light that excites surface plasmons is reflected in
the effect on the barrier height. Both the Fowler-Nordheim and thermionic emission
156

model indicate a larger apparent barrier height with the ferroelectric substrate. As in the
cases above, the current enhancement in this device arises predominantly from the
interaction of the transverse plasmon induced current. The variation in the magnitudes of
the current enhancements across the samples is due to the variation in the particle size,
spacing, and dielectric constant of the substrate.
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6.

Conclusions and Future Work

6.1.

Conclusions

One of the major contribution of this work has been the development of a technique to
provide an avenue to overcome the challenges of combining the self-assembly of
dissimilar components with unique properties with lithographic patterning. Ferroelectric
Nanolithography (FNL) offers the potential to assemble dissimilar components but until
now, the process had not demonstrated the ability to create multi-functional hybrid
devices. The development of these hybrid devices with multiple components led to the
determination of transport and photoconduction mechanisms that dominate the device
performance. Understanding the transport mechanisms on glass, develop a similar
deposition technique, then understanding the mechanisms of the growth mechanisms on
ferroelectric surfaces has provided a template to develop devices with a wide range of
opto-electrical behavior.

AuNP assemblies on glass substrates were synthesis to isolate the particle spacing and
size distribution to quantify the charge transport mechanisms and isolate the roll of the
optical absorption spectra on the opto-electrical response of the hybrid device structure.
Employing amino-silane functionalized glass substrates and citrate-reduced AuNPs, this
work demonstrated the ability to create reproducible AuNP structures with empirical
control of the surface coverage and conductivity. The AuNP arrays were systematically
varied by size, distribution, and attached zinc-porphyrin molecules, which exhibited a
wide range of conductance responses. The analysis of the dark conductivity data showed
that the transport results from thermally assisted tunneling in arrays exhibiting near-linear
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current-voltage behavior and from tunneling at low temperatures with multiple
mechanisms at higher temperatures in arrays exhibiting non-linear current-voltage
behavior. It was found that the parameters that dictated the ultimate current magnitude
were the particle work function, molecular surface coverage, and particle separation.
Photoconduction in these systems was found to result from multiple mechanisms. The
parameters that dictate the ultimate magnitude of the current enhancement are the
attached molecule, interfacial barriers, and optical coupling between nanoparticles.
Control of the interfacial barrier and coupling between nanoparticles can result in
anomalously high red and green current enhancements, which were found to be the result
of either direct exciton formation in the molecule, hot electron and field effect (optical
antenna) from surface plasmon interaction between the AuNPs and the molecules.

The results on hybrid porphyrin-AuNP assemblies on glass demonstrated that multiple
transport mechanisms occur simultaneously and a complex relationship between the
plasmon resonance of the assemblies and the photoconductance occurs. This provided a
basis on which to examine the properties of hybrid assembles on ferroelectric substrates.
Unlike the deposition of the AuNPs on glass, in which size and surface coverage were
controlled by citrate reduction and immersion time, the size and surface coverage are
controlled by the nucleation and growth of metal nanoparticles on the ferroelectric
substrate. In order to isolate the relevant parameters that control the size, spacing, and
distribution, systematic variation of the domain orientation, crystal orientation, photon
flux, optical power and electrolyte solution were used to determine the nucleation and
growth mechanism of nanoparticles. The deposition was much faster on upwardly poled
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domains compared to downwardly poled domain. The (100) textured surface produced
higher density AuNP arrays under the same deposition conditions as compared to the
(111) textured surface due to difference in the magnitude of the polarization vector.
Analysis of the particle growth and surface coverage found that over the time scale in
which the deposition process occur, that a small particle size range was produced but a
large increase in the surface coverage was observed. This implies that the growth rate of
the particles is high, there is a limit on the size of the particles, and the increasing
coverage reflects the nucleation rate. The carriers result from the optical absorption by
the substrate, so the number was a function of the photon flux and absorption cross
section. In these experiments, the photon flux was a constant, so when the particle
reached a size at which the interfacial barrier height was such that the depletion depth
was larger than the tunneling distance, the particle stopped growing. This suggests that
on any particular substrate, that the particle size can be controlled by changing the photon
flux and the coverage controlled with the time and integrated photon flux.

The determination of the growth mechanisms of AuNP on ferroelectric surfaces allowed
FNL to be utilized to selectively deposit AuNP arrays and realize a hybrid device
structure. The hybrid devices on PZT showed a very large green current enhancement
compared to illumination with red light. The SEM micrographs indicate that the particles
must be linked by more than a single trimer molecular bridge. The length of this double
trimer bridge is sufficient to reduce or preclude coupling. Therefore, the photocurrent in
this device arises predominantly from the interaction of the transverse plasmon induced
current, further illustrating the potential to create devices with a range of function.
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These results define a pathway for FNL to be used to pattern a wide range of mulitcomponent structures with applications ranging from optoelectronics to energy
harvesting. The size and separation of the AuNPs can be easily used to tune the coupling
of the surface plasmons and the resulting plasmonic properties. Since molecular
compounds exhibit a wide range of optical and electrical properties, the possibilities as a
multi-functional device platform can be realized.

6.2.

Suggestions for future work

Future studies of the deposition process and transport mechanisms would provide more
insight into creating hybrid device structures. One of the determine factors in the
deposition mechanisms on ferroelectric surfaces is the domain size of the substrate. The
study of the growth mechanisms as a function of the domain size would allow the
relationship between the interfacial barrier height, depletion depth, and particle size to be
more clearly understood. Employing thin films or single crystals with precise control of
the grain and domain size would also provide an avenue to develop AuNP arrays with
more control over the size and spacing of the nanoparticles. This control would allow the
tunability of the surface plasmons to be further studied and provide greater control over
the wavelength dependent current enhancements.

The transition from transport that shows near-linear and non-linear conductivity
responses needs to be explored further. Understanding the origins of the extra barrier at
the interface would provide better understanding of the dominate transport mechanisms.
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To further investigate the role of hot electrons versus the field effect, the current
enhancements as a function of optical power would provide an understanding of the
exciton formation and the relationship to incited photons. Coupled with the power study,
the role of the coupling peak as an indication of the coupling between AuNPs needs to be
determined. Continuing to increase the size, density, and distribution of the nanoparticle
arrays would provide a pathway to vary the amplitude and peak position from the visible
into the IR. This would allow the interaction with the IR peak of the zinc-porphyrin
molecules to be determined. This would also provide a basis to add to the understanding
from the power dependency by manipulating the absorption peaks to not overlap with the
molecules absorption maximum and determine the contributions from hot electrons and
field effect on the photocurrent. This work explored only three wavelengths of light, but
studying the current enhancements as a function of the full spectrum would provide
insight into the actual absorption characteristics of the AuNP linked with the various
molecules.

Finally, this approach can now be generalized to an extensive array of device
configurations utilizing organic as well as inorganic compounds, on thin films, single
crystals, and polycrystalline substrates, producing a variety of molecule-nanoparticle
combinations with unique and novel properties. The extension of this work with other
optical active molecules, chemistries, and surfaces provides an unlimited number of
variables to create varied hybrid device structures with diverse property sets.
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